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ABSTRACT
Trace metals are actual or potential pollutants in estuarine and coastal ecosystems.
Anthropogenic activities, such as mining, industries and waste streams, can result in an
increased release of trace metals into the environment at concentrations that may
impact on the health, biological diversity and use of coastal ecosystems. They can be
transported in food chains after absorption from the water by plants and consequently
assessing the behaviour of metals requires an understanding of the factors that control
the uptake of metals by organisms. In an attempt to investigate the effect of
microorganisms on metal behaviour this study examines the effect that bacterial
concentrations in solution have on the uptake of two sample trace elements, cadmium
and selenium, by the algae Ulva lactuca.
Algae collected from the Coledale area were tested for metal uptake in the presence of
bacteria cultured from waters in the same area. Different concentrations of bacteria in
solution were inoculated into salt-water media that contained samples of the algae and
known concentrations of radioisotopes of selenium and cadmium. The algae were
measured, by radiochemical methods, for metal uptake rates under the different
treatment conditions.
No overall conclusions could be developed as it proved difficult to maintain measurable
differences between the bacterial inoculant concentrations in the experimental media.
The differing concentrations of the bacterial treatments was the main variable in the
experimental design and thus an analysis of the other experimental results, such as
algae uptake, against these treatments was inhibited by the lack of significant difference
within the bacterial measurements.
The study did, however, provide valuable information for developing new experimental
procedures to improve any further research into this area. A modified experimental
procedure is proposed so that the impact of this important component (bacterial
concentration variation) on metal behaviour in coastal waters can be investigated in
more detail.
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The value of healthy ecosystems has been well established, both in terms of biological
significance and potential human health impacts. The health of an ecosystem is
facilitated by the efficiency of primary producers and micro-organisms introducing energy
and nutrient components into the system, and excluding pollutants, potential disease
organisms or other contaminants (Livingston, 2003; Vymazal, 1995).
Algae and bacteria form the foundation blocks of trophic structures and are vital
components of functioning ecosystems. Algae perform as primary producers and
bacteria are principally responsible for the cycling of nutrients and decomposition of
materials. Trace elements have a role in ecological cycles, some acting as both an
essential nutrient and toxin depending on the concentration, while others only act in a
toxicological function (Kennish, 1990; Vymazal, 1995). Some micro-organisms provide a
buffer against harm from toxins (Ganguly and Jana, 2002; Trevors, 1989).
Marine ecosystems are useful for:
•

Human recreational purposes;

•

Aesthetic amenity;

•

Natural heritage and conservation;

•

Supporting a healthy ecological structure;

•

Providing for species diversity and rich marine productivity;

•

All of the above contribute to human health (Kennish, 1990; Livingston, 2003).

There are many environmental influences affecting biotic relationships, including:
•

The physical character of the aquatic medium;

•

Human interaction and activities;

•

Climate and seasonal variations;

•

Tidal patterns;

•

Temperature;

•

Illumination;
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Chemical factors such as pH and chemical inputs through natural or human
activities (Kennish, 1990; Livingstone, 2003).

Much of the basic essential ecological functioning in marine environments occurs in the
water column and sediments, including nitrogen fixation, photosynthetic primary
production, and organic matter decomposition and nutrient release (Kennish, 1990;
Livingstone, 2003). It is estimated that 80% of the Earth’s photosynthetic production
occurs through phytoplankton communities in both fresh and marine waters (Tortora et
al, 1986). Lim (2001) stated that without micro-organisms functioning, life as we know it
would not exist and anything that can substantially alter the functioning of these
organisms, such as elevated levels of contaminants, is of potential concern.
Bacteria and algae may be vulnerable to the actions of trace elements, even though
many elements (such as zinc, iron or selenium) are essential, at moderate levels, to the
healthy functioning of the biota. At elevated concentrations, essential trace elements can
exert toxic effects and others, such as cadmium and lead, have no biologically useful
properties (Klimmek et al, 2001; Vymazal, 1995)
Some bacteria and algae play a valuable role in removing potential toxic elements from
solution through active means – bioaccumulation – or passive means – biosorption
(Klimmek et al, 2001). This buffering capacity can preclude potential contaminants
entering food chains and could potentially be used as a mechanism to recover trace
elements from industrial waste streams or the environment (Hashim and Chu, 2004).
While a good deal of research has focused on metal uptake by algae and metal
interactions with bacteria, little attention has been directed towards examining the
impacts of bacteria on metal-algal interactions. The potential effects of these interactions
were the particular focus of this study.

1.2

Rationale for This Study

This study seeks to contribute to the research and understanding of how trace elements
behave in a marine environment and how they may potentially impact on the biota,
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particularly bacteria and algae. The key aspect of the research was how the relationship
between the two biological components, bacteria and algae, affects the uptake of two
trace elements, cadmium and selenium, into the algae. This research focused on the
macroalgae, U. lactuca, to build on work previously undertaken by Wille (2004), which
examined the potential effects that the macronutrients nitrate and phosphate had on the
uptake of cadmium and selenium by the algae, and Bai (2005) which investigated how
salinity may affect cadmium and selenium uptake.
U. lactuca is a unicellular green macroalgae that is common to the foreshores of the
Illawarra region. It was used in the previous studies of metal-algal interactions (Bai,
2005; Wille, 2004) and it can serve as a useful indicator species due to its capacity to
reflect the trace element concentrations in solution in its natural marine environment
(Rhee, 1989; Vymazal, 1995). The bacterial component of the research was a cultured
biomass developed from a seawater sample to best approximate a naturally occurring
bacterial community from the marine environment under examination.
Cadmium and selenium were the selected trace elements based on availability and their
use in the previous studies (Bai, 2005; Wille, 2004). Cadmium has no biological function
and is potentially toxic (Trevors, 1989), while selenium functions as an essential element
but can also exhibit toxic effects at elevated concentrations (Hughes and Poole, 1989;
Lucas and Hollibough, 2001). Agriculture, coal mines, and industries, including smelting
processes, have all been associated with an increased mobilisation and environmental
concentrations of cadmium, particularly with pesticides, fertilisers, smelting and nonferrous mining (Friberg et al, 1992), and selenium, with agriculture, copper ores, coal
and steel-alloy making (Higashi et al, 2005; Ike et al, 2000). These processes have a
strong historical presence in the Illawarra with significant developments still in operation.
The Illawarra region generally disposes of its effluent waste stream via ocean outfall and
is home to a number of coastal lakes which are subject to runoff from urban areas and
escarpment facilities, such as coal mines. It is anticipated that the interactions of the two
elements with the algae and bacteria will provide a snapshot of the potential influences
that determine trace element uptake into the food chain. This may have particular
relevance to the local Illawarra region due to the confluence of the factors under
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consideration, the presence of potential pollutant sources and the natural coastal lake
and marine environment.

1.3

Research Question

The fundamental question investigated in this study was:
How does the presence of differing concentrations of bacteria affect the uptake of
selected trace elements by algae?

1.4

Objectives

The original objectives of the study were:
•

To develop experimental techniques to study the effects of bacteria on trace
metal uptake by algae;

•

To determine the bacteria community concentration at which there is a variable
uptake of the trace elements cadmium and selenium from solution by the U.
lactuca;

•

To determine if varying levels of bacteria impact upon the presence of cadmium
and selenium in solution;

•

1.5

To identify areas of further research in this topic.

Scope and Limitations

The research was undertaken as partial fulfilment of a Research Masters in
Environmental Science through the University of Wollongong. It was designed to build
upon work done previously through the University and ANSTO. The scope of the
research was defined by the Research Question and Objectives.
The previous studies in this area focused on one biological component, the algae U.
lactuca, this study expanded the scope to include a second biological component, a
bacterial biomass. The introduction of the bacterial component necessitated additional
4
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procedures to enable its integration into the main experimental design and this
significantly increased the resources that were required.
The experimental research was undertaken at the laboratory facilities at the Australian
Nuclear Science and Technology Organisation (ANSTO), Lucas Heights, NSW. ANSTO
is a national body and serves as an important research facility. The availability of both
the laboratory and radio tracers was a limitation, especially due to the expensive nature
of the radiotracers and the difficulty in obtaining them. The difficulty in matching up the
personnel, experimental components, and laboratory facilities within the timeframe
available limited the capacity to repeat some of the experimental components with
modifications or adjustments.

1.6

Thesis Outline

The content of the study is broken down into the literature review, the methodology and
experimental design, results and discussion, followed by the final section on the
conclusions and recommendations.
Chapter 2 contains the literature review which examines the background of marine
ecosystems, including the basics of trophic structures and the food chain model, as well
as the experimental components: the algae, bacteria and the trace elements, cadmium
and selenium. How these components interact with each other and what influences their
relationships are also considered, with particular interest in those areas which may affect
trace element bioaccumulation, such as: chemical properties, speciation of the element,
biosorption, potential for biomagnification, toxicity; biological mechanisms (for example
tolerance capacities and biomonitoring); and environmental influences, such as, salinity,
temperature, pH and nutrient loading.
Chapter 3 details the methodology of the experimental work, including the sampling
procedures, the different experimental stages, the process of enumerating the bacterial
biomass concentration and sample analysis.

5
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Chapter 4 includes the results and the following discussion of the results and
experimental methodology, particularly where modifications could be made.
Chapter 5 details the conclusions based on the experimental work and results and
recommendations for future research.

6
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Literature Review

The following is a summary of some the key background points to the experimental
work. The marine environment and its trophic structures are briefly described to highlight
the role of algae, as primary producers, and bacteria, for nutrient cycling. A summary of
algae, including U. lactuca, the species used for the experiment, and bacteria is provided
with a review of how they potentially interact with each other in the marine environment.
The roles of the trace elements used in this study, cadmium and selenium, are
considered, particularly in regards to how they interact with the environment in such
areas as mobility, bioavailability, speciation, cell transportation mechanisms,
biomagnification, bioaccumulation and biosorption. Their toxicity mechanisms are also
discussed and how environmental factors may affect the viability of the biological
components, the bacteria and algae, and the trace metal behaviour.
The last section discusses components of the experimental work and possible
methodologies, their strengths and weaknesses and some of the atypical issues that
may arise from a study involving both algae and bacteria. Particular attention is given to
the differences between laboratory cultures and natural community and their use in
investigative studies and the options for bacterial enumeration.

2.1

Background

The presence of elevated levels of trace elements being released into the environment is
a serious problem across the globe (Megharaj et al, 2003). It is of considerable concern
to coastal ecosystems as trace elements are major contaminants of many marine
environments (Macinnis-Ng and Ralph, 2002). Generally, an increase in trace element
concentration within the environment occurs through human activities, often resulting in
elevated levels of their harmful forms (Hashim and Chu, 2004). Anthropogenic sources
of trace elements include process waste streams from industries, mining operations,
manufacturing operations, effluent waste disposal and agriculture, and the input into
marine ecosystems usually occurs through atmospheric deposition and point-source
discharge (Friberg et al, 1992; Sadiq, 1992).
7
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It is believed that human activities contribute far more cadmium release into the
environment than natural erosion and weathering (Wong et al, 1980). Some of the
activities that generate the release of cadmium are electroplating, batteries, specialised
electrical uses, smelting and non-ferrous mining, semi-conductor manufacturing
operations and pesticides and fertilisers (Friberg et al, 1992).
Selenium occurs in seleniferous (selenium-containing) soils, in high association with
copper containing ores and coal, and is widely used in industries such as glass,
pigments, pesticides, agriculture, petroleum processing and steel alloy making (Higashi
et al, 2005; Ike et al, 2000). Waste or wastewater from such processes, including mining
and agricultural tailings, can contain soluble selenium at concentrations which can have
a toxic impact when discharged into the aquatic environment (Ike et al, 2000). Activities
which mobilise selenium generally release only low concentrations into the environment,
making the recycling of these elements difficult as the recovery techniques currently lack
the sensitivity to be effective (Friberg et al, 1992).
Trace elements, unlike organic pollutants, are not biodegradable and are persistent in
the environment (Megharaj et al, 2003). Within environments that are not heavily
contaminated sublethal toxic effects from low concentrations of trace metals can still
place food chains at risk (Lee et al, 2003). While some trace elements, such as selenium
and iron, can be essential for growth and reproduction, at elevated concentrations they
can produce a toxic effect (Hashim and Chu, 2004). Some elements, such as cadmium
and lead, have no biological function and function only as a toxin (Hashim and Chu,
2004).
Algae are primary producers that function at the base of the food chain (Megharaj et al,
2003) while bacteria serve to release and recycle nutrients (Hatcher, 1994; Valiela,
1995). Any interference with the normal functioning of these organisms could lead to
significant impacts on the ecosystem (Megharaj et al, 2003).
Bioavailability is an important factor influencing the toxicity of trace elements and is
largely dependent upon its chemical speciation rather than the total element content
itself (Smiejan et al, 2003; Megharaj et al, 2003). It is only the bioavailable forms of the
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trace elements that are taken up by algae and bacterial cells, as the organisms exclude
many inorganic forms through a variety of mechanisms (Sauve, 2003).
Many ecological cycles, such as the carbon cycle or nitrogen cycle, have been well
documented; whereas fewer studies exist that examine the behavioural relationship
between primary producers and bacteria in introducing trace elements into food webs.
Further research may be lacking because of a scarcity of available methodology and
some gaps have been identified in areas such as the physiological effects of trace metal
accumulation (Macinnis-Ng and Ralph, 2002), microbial adaptation to environmental
stress at the community level (Diaz-Ravina and Baath, 2001), and metal cycling (Yu and
Wang, 2003).
The purpose of this study was to examine the base relationships between bacteria,
algae and trace elements and how they may influence each other in a marine
environment. A basic review of these components is provided, leading into other
processes such as trace element mobility, toxicity and exclusion mechanisms.

2.1.1

Marine Coastal Ecosystems

Marine ecosystems stretch from the coastal-ocean interface right through to upper
terrestrial catchment basins and are of prime ecological importance, being productively
rich and having a high biodiversity (Kennish, 1990; Livingston, 2003). From a human
perspective they are a vital recreation resource and serve as a nursery to many
commercial and recreational fish species (Barwick and Maher, 2003; Livingston, 2003).
They are dynamic habitats governed by factors such as depth, surface area, oceanic
connections, nutrient cycles, organic and inorganic loadings, physical parameters and
seasonal cycles (Kennish, 1990; Livingston, 2003).
The wealth of these habitats relies on functioning algae and bacteria and threats to their
well-being can quickly be reflected through the whole ecosystem. The increase of trace
element concentration, to either sublethal or lethal levels, may constitute such a threat,
particularly where biomagnification can cause increased concentrations at higher trophic
levels, even in human consumers (Barwick and Maher, 2003).
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Trophic levels

The trophic structure describes the ecosystem as interlinking pathways of consumer
relationships, the food chains that move energy and the nutrient and mineral cycles
within the biota (Kennish, 1992). The first stage in a common marine trophic structure is
anchored by algae as photosynthetic primary producers and bacteria, functioning as
both producers and decomposers (Hashim and Chu, 2004: Russell-Hunter, 1970).
Higher organisms are sustained through lower trophic stages moving energy up the
chain (Hashim and Chu, 2004). Figure 2.1.2.1 shows a basic trophic structure that could
be found in a marine ecosystem.
Figure 2.1.2.1 Basic Example of a Marine Trophic Structure

Please see print copy for Figure 2.1.2.1

(http://www.mesa.edu.au/friends/seashores/energy_pyramid.html)
Trophic structures become more stable and robust where feeding relationships and
energy inputs become more complex and interwoven (Kennish, 1992). The energy flow
through a biological system is the most basic indication that it is a living functioning one,
when energy ceases to flow then that ecosystem is no longer considered living and its
components will fracture and decay (Russell-Hunter, 1970).
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Food Chains and Trophic Structures

Food webs describe what consumes what and a food chain describes a single strand of
a food web (Kennish, 1992; Russell-Hunter, 1970; Valiela, 1995) and reflects the
dynamic nature of the environments they exist in (Robertson and Hatcher, 1994). The
movement of energy through the system begins with the primary producers and occurs
as each successive species in the food chain consumes the one below (Kennish, 1992).
A food web involves an interlocking pattern of principle trophic organisms, the producers,
consumers, and decomposers, and their feeding relationships describe a network of
links demonstrating alternative and multiple feeding strategies (Kennish, 1990), an
example of which is found in Figure 2.1.3.1.
Figure 2.1.3.1 Aquatic Ecosystem Food Web

Please see print copy for Figure 2.1.3.1

(http://www.arcytech.org/java/population/facts_foodchain.html)
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The classical food chain model has several potential weak spots, such as the placement
of bacterial decomposers which, by default, tend to be placed in at the lowest level
despite sometimes also having roles as producers and consumers (Kennish, 1990;
Livingstone, 2003; Russell-Hunter, 1970). Similarly, food chains also typically consider
only the adult stages of the dominant species and assume that a species operates at
only one trophic level within a system, where feeding relationships may actually create
trophic “loops” or shifting feeding patterns. In natural aquatic systems, it may be nearly
impossible to accurately depict the more complex feeding relationships (Kennish, 1990).
The classical food web concept was expanded to account for these loops and to better
reflect that trophic structures encompassing herbivorous food web have less clearly
defined boundaries which result in a smoother continuum of energy transfers. Seasonal
influences or other disturbances may affect the energy and nutrient pathways within this
continuum which may subsequently affect their use at the community level (Van den
Meersche et al, 2004).
The traditional marine food web involved energy being transferred up trophic levels
through consumer relationships (Kennish, 1990; Robertson & Hatcher, 1994).
Introducing the concept of a loop to the structure describes the bacteria assimilating
dissolved organic matter from living as well as dead organisms, mainly phytoplankton
(Kennish, 1990; Stewart and Fritsen, 2004; Vaulot, 2001).
This loop is generally non-antagonistic with traditional food webs (Vaulot, 2001) and
results in a substantial (10-50%) amount of the primary production cycling through the
bacterial biomass (Kennish, 1990). While the importance of the bacterial biomass
serving as a food source is undetermined, research suggests that it has a much less
significant role than primary producers simply because of the lower ratio of bacterial
biomass to algae, by an order of magnitude of about one to three (Hatcher, 1994;
Kennish, 1990; Valiela, 1995).
Algae produce the dissolved organic matter that bacteria prefer as their main source of
carbon and nitrogen through direct means (such as lysis, passive leakage, or exudation
of carbon-rich material) and indirect means (including enzymatic hydrolysis of
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particulates, sloppy feeding and incomplete digestion by grazers) (Van den Meersche et
al, 2004).
Food chains rarely stretch beyond four or five levels due to a number of factors, such as
approximately 80 to 90% of the potential energy at each level being lost as heat, the
dynamic nature of the ecosystem, environmental influences, and the increased stress
that longer food chains suffer (Kennish, 1990).

2.2

Algae and Bacteria

2.2.1

Algae

Algae are sometimes thought of as a primitive assemblage of plants as they are simply
constructed, yet they are similar in many respects to higher plants, in that they possess
the same basic biochemical pathways of chlorophyll a and have carbohydrate and
protein end products comparable to those of higher plants (Darley, 1982; Vymazal,
1995). However, they lack the reproductive and developmental features of higher plants,
such as a vascular system for internal transport of water and nutrients (Moestrup, 1999;
Raven, 2001).
Algae form a basis for the carbon food chain by acting as primary producers, fixing
carbon dioxide into organic molecules and creating oxygen necessary for the
metabolism of the consumer organisms (Tortora et al, 1986; Vymazal, 1995). Algal
populations fluctuate in response to seasonal changes in nutrients, light, and
temperature and excessive nutrient concentrations can lead to algal blooms which are a
good indication of polluted waters (Tortora et al, 1986). These blooms can impact on the
environment through the release of organic toxins or through shading other species, and
are associated more with the microalgae species rather than the macroalgae (Nelson et
al, 2003; Tortora et al, 1986).
The sea lettuce U. lactuca, used in this study, is an epilithic green macro algae common
to rocky shelves and platforms in the mid to lower tidal zones (Phillips, 1988; Vymazal,
1995; Wille, 2004). The green algae form one of the larger groups of algae in terms of
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numbers of species and greatest diversity of body form, and are widely distributed and
well adapted to extreme habitats. The larger algal body types tend to be marine algae
and are often tropical with either gametic or sporic meiosis life cycles (Darley, 1982).
Epilithic algae have adapted to swiftly flowing water by encrusting or attaching basally,
usually to a stable substrate including rocky shores or on man-made substrates such as
breakwaters, seawalls, pilings, and the like, and remain tough yet flexible and resilient
enough to withstand the mechanical stress of wave action (Darley, 1982; Vymazal,
1995). U. lactuca has a simple morphology that consists of a blade, two cell layers thick,
often forming frond-like translucent leaves that provides a relatively large surface area of
physiologically active cells, which is held to the substrate by rhizoidal extensions from
basal cells (Darley, 1982; Turner et al, 2007).
U. lactuca tend to be seasonal and responsive to both nutrients and photoperiod, often
moderating their reproduction against both temperature and light (Lobban and Harrison,
1997). Their locations depend on the availability of nutrients, wavelengths of light, and
type of substratum (Tortora et al, 1986) and the nature of the substrate seems to be less
important than other environmental parameters in determining the spatial distribution of
algae (Vymazal, 1995). Size is normally constrained by the environment and while
individual sea lettuces do exist, they commonly form communities that can provide
important habitats and food sources for other organisms (Lobban and Harrison, 1997).

2.2.2

Bacteria

Bacteria are prokaryotic organisms representing the earliest known type of life which
developed all the basic properties of element cycling in the biosphere before multicellular
eukaryotes (algae, plants, fungi and animals) (Fenchel, 2001). Bacteria exhibit a great
diversity and while they are well known for their pathogenic nature it is actually only a
small proportion of the species which cause disease. They are relatively small and
simple in structure and have a rigid cell wall encompassing the cell membrane, as they
lack a cytoskeleton (Fenchel et al, 1998; Tortora et al, 1986).
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Bacteria require a water medium for metabolic activity and growth and in non-aquatic
habitats they may utilise the water films (Fenchel, 2001). They function as decomposers
and re-mineralisers to ensure the efficient cycling of nutrients and other constituent
elements (Kennish, 1990; Kimball, 1983; Russell-Hunter, 1970; Tortura et al, 1986;
Valiela, 1995; Vymazal, 1995). As animals are unable to process their own nutrients or
draw their full nutritional needs from consumed plant material bacterial processes bridge
the link between primary producers and higher trophic animal organisms (Fenchel,
2001).

2.2.3

Algae-Bacteria Relationships

Research suggests that a more diverse phytoplankton community may support a more
diverse bacterioplankton community and that their dynamics in coastal marine
environments are closely linked (Kent et al, 2004; Rooney-Varga et al, 2005). Kent et al
(2004) found that correlations between changes observed for the bacterioplankton
community and the dynamics of other planktonic populations were consistent over three
years, suggesting that trophic interactions are the dominant force influencing
bacterioplankton dynamics. Alavi (2004) indicated that to survive the fluctuations and
stress that characterise marine ecosystems, algal and bacterial communities must have
a functioning metabolic and physical relationship. The microbial loop may be one such
expression of the relationship (Haglund and Hillebrand, 2005).
Interest in harmful algal blooms has revealed that marine bacteria are capable of
stimulating or inhibiting phytoplankton growth, killing phytoplankton, or altering
phytoplankton physiology (i.e., production of algal toxins) (Rooney-Varga et al, 2005).
These results indicate that specific associations between phytoplankton and the bacteria
adhered to them may be important in controlling the dynamics of species composition in
these communities (Rooney-Varga et al, 2005). Much of this work has taken place at the
microbial level, however, and there has been little research into the bacterial interactions
with the macro-algae.
Many algae species are autotrophic, unlike higher plants, in that they require vitamins to
function and generally rely on bacteria to produce these vitamins, although some algal
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populations are capable of synthesising these vitamins themselves (Kennish, 1990;
Vymazal, 1995). The macro-algae may provide harbourage and shelter for bacteria, as
some studies have shown 109 bacteria per gram dry weight of detritus from vascular
plants and 2% bacterial coverage of surface area of particles from salt marsh creeks
(Kennish, 1990).
Little is known about how bacterial and algal communities interact with each other at the
species composition level (Rooney-Varga et al, 2005) and the dynamic nature of the
marine environment adds an increased level of complexity to any examination of the
algal-bacterial relationship (Kennish, 1992; Russell-Hunter, 1970; Valiela, 1995). The
knowledge of surface colonisation and competition on a living surface, particularly during
the early stages of biofilm establishment, also needs to be developed (Rao et al, 2006).
Epiphytic bacteria are abundant and ubiquitous colonisers of the external surfaces of
marine macroalgae (Marshall et al, 2006). While bacteria remain morphologically simple
they are capable of complex interactions (Joint et al, 2007) and are necessary for the
development of normal morphology in green macroalgae, particularly the Ulvaceae
(Marshall et al, 2006; Matsuo et al, 2003; Nakanishi et al, 1999).
Without the presence of bacteria many green algae cannot grow normally. For example
Ulva lactuca, the algae used in this study, develops an atypical pincushion morphology
which can be restored back to the typical leafy form found in the natural environment by
re-exposure to marine bacteria (Marshall et al, 2006; Matsuo et al, 2003; Nakanishi et al,
1999). The mechanisms by which the bacteria modulate the algae morphology are not
yet understood, such as if very low densities of bacteria can influence the morphology;
whether attachment or contact with the bacteria is necessary; or if it is extracellular
substances produced by the bacteria that cause the change (Marshall et al, 2006). In a
study Nakanishi et al, (1999) suggested that direct contact between U. pertusa and the
bacterial strains are necessary for typical morphogenesis.
Bacteria have been shown to influence the growth of algae (Marshall et al, 2006).
Matsuo et al (2003) found that epiphytic bacteria acted in symbiosis with green algae
and without this interaction the algae would not progress to the foliate gametophyte
phase and could not release spores.
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Epiphytic bacteria interactions can be both necessary and detrimental to the macroalgae
it colonises (Lam and Harder, 2007). The colonisation of macroalgae surfaces by
bacteria is referred to as epibiosis (Lam and Harder, 2007), and studies have generally
focused on the benefits provided to the bacteria, such as support of bacterial growth by
dissolved organic carbon released by algal cells (Rao et al, 2006).
The benefits to the bacteria mainly revolve around using the algae as a food source and
habitat or colonising surface (Nikolaev et al, 2008; Rao et al, 2006; Van den Meersche et
al, 2004). The portions of marine bacteria which are motile have been estimated at
between 40-70%, many of which have chemotactic behaviour that allows them to seek
out and cluster around patches of dissolved organic matter which can increase their
growth rate (Grossart et al, 2003).
The presence of bacteria can have a number of positive effects on the algae, such as
accelerating growth (Marshall et al, 2006), influencing normal morphological
development, facilitating the mineralisation of difficult-to degrade compounds, enriching
the medium with nitrogen salts, and synthesising vitamins and auxins (Nikolaev et al,
2008); providing organic compounds and carbon dioxide to the macrophytes and
enhancing nutrient recycling, producing compounds against fouling organisms (Hempel
et al, 2008); and the actions of symbiotic epibionts to protect their host from UV radiation
and desiccation or fix nitrogen (Lam and Harder, 2007).
Detrimental effects of bacteria on the algae include increased shading by thick biofilms
(Hempel et al, 2008). Epibiosis may cause diseases from pathogens in the biofilm, tissue
necrosis, and decreased growth and photosynthesis; results in competition for nutrients;
and interferes with reproductive processes (Lam and Harder, 2007). Macroalgae can
also have negative effects on epiphytic bacteria, releasing compounds that inhibit
swarming motility and indirectly affect larval attachment (Hempel et al, 2008).
Macroalgae have been reported to produce bioactive compounds with a variety of
antibacterial, antidiatom, and antifungal activities (Lam and Harder, 2007).
Epiphytic algal composition might influence the composition of heterotrophic bacteria
(Hempel et al, 2008). The effect of bacteria on the alga is not taxon-specific and cannot
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be assigned to a species or a genus which presumably confers ecological flexibility on
the alga so that it is not dependent on a small number of specific bacteria (Marshall et al,
2006). However, bacterial components of a balanced community depend on the state
and activity of the algae; therefore, bacterial satellites require some means to affect the
algae (Nikolaev et al, 2008).
In their investigations on biofilms, Rao et al (2006) found that an increased number of
bacterial cells attached to a surface when a higher concentration of bacteria was present
in the inocula. This may have been due to bacteria rich inocula allowing the formation of
larger numbers of microcolonies, a much greater ability to survive periodic desiccation
stress, and an increased tolerance correlating with an increased aggregate size.
Presumably, cells in larger microcolonies are more tolerant of oxidative stress than cells
in smaller microcolonies are, and they may also be more capable of concentrating
nutrients from dilute sources, which can have important consequences in a nutrient poor
environment (Rao et al, 2006).
As biofilms may have detrimental effects on host macroalgae some organisms have
evolved antifouling mechanisms such as bioactive compounds that resist colonising
bacteria, diatoms and fungi (Lam et al, 2008; Lam and Harder, 2007). Nevertheless,
biofilms are clearly a very successful strategy for microbial growth and any surface
immersed in water (freshwater or seawater) will quickly become colonised by a bacterial
biofilm (Joint et al, 2007). Biofilms in the natural environment are very complex entities
that potentially consist of many hundreds of different species (Joint et al, 2007).
Lam and Harder (2007) found that algae, even after pre-experimental treatment, when
incubated in seawater changed the species composition of bacterioplankton due to the
release of bacteria formerly associated with algae. Provided the bacterial contaminants
from algae were also present in the seawater community there would be minimal
measureable effect in a statistical analysis (Lam and Harder, 2007). This change in
community demonstrates that algae could affect bacterial communities (Lam and
Harder, 2007).
The finding that algae had the capacity to affect bacteria has been supported by other
studies; Paul and Ritson-Williams (2008) found that Ulva lactuca was chemically
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defended against Echinometra lucunter, and Rao et al (2006) found that biotic surfaces
frequently harbor species-specific microbial communities. These communities can be
variable and distinct from those found in the surrounding environment, indicating many
algal and invertebrate species are able to regulate the bacterial colonisation of their
surfaces (Rao et al, 2006). The study by Lam and Harder (2007) supported the concept
of waterborne biologically active compounds from macroalgae exerting a negative effect
on planktonic bacteria.
The mechanisms for these actions remain unclear at present (Lam and Harder, 2007;
Rao et al, 2006). Ulva lactuca are subject to bacterial biofilms and have no known
physical or chemical defense systems against fouling organisms, and it has been
speculated that the macroalgae uses microbial defense to protect against fouling (Rao et
al, 2006).
Although some of the bacterium-alga interactions have been characterised, the
ecological significance of most naturally occurring epiphytic bacterial communities is
unclear (Rao et al, 2006). The behaviour of bacterial species within their community may
be an important factor in their biochemistry and interactions with other marine
organisms. While there is not much known as yet about the chemical interactions among
marine bacteria the phenomena of quorum sensing has gotten increased attention (Paul
and Ritson-Williams, 2008).
Quorum sensing is a simple chemical signalling process that occurs in bacteria where
small signal molecules are released from bacterial cells and accumulate as the
population increases (Joint et al, 2007; Paul and Ritson-Williams, 2008). For example, in
Gram-negative bacteria N-Acylhomoserine lactones (AHLs) are well known chemical
signals (Paul and Ritson-Williams, 2008). Quorum sensing mechanisms are densitydependent and when the signal molecule concentration accumulates to a critical
threshold a response is triggered in the target population by activating target genes
(Joint et al, 2007; Paul and Ritson-Williams, 2008).
Recent studies show that zoospores of the green macroalgae Ulva were influenced by
AHLs produced by marine bacteria through reducing the swimming speed of the
zoospores, resulting in their accumulation at the source of the AHLs (Paul and Ritson-
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Williams, 2008). Joint et al, (2007) found that as bacterial density increased on a surface
so did Ulva zoospores, the zoospores clustering around bacterial hot spots, where
bacteria concentration was measured at 25 times higher than the surrounding area in
the biofilm (Joint et al, 2007). Quorum sensing has been shown to facilitate the
colonisation of U. lactuca by biofilms (Rao et al, 2006). Similar to the concept of antifouling agents by algae, some marine macroorganisms can also produce compounds
that inhibit quorum sensing in marine bacteria which may inhibit subsequent colonisation
by biofilms. Paul and Ritson-Williams (2008) highlighted recent research that found 23%
out 284 measured extracts from tropical marine organisms had screening activity
towards quorum sensing.

2.2.4

Biomonitoring Processes

Much of the work done in the area of algal/bacterial relationships with trace elements
leans towards two specific areas; biomonitoring and bioremediation. Biomonitoring
exploits an important aspect of algae in marine environments which makes them useful
for experimental purposes - they accumulate trace elements in their tissues and may
therefore be analysed as a measure of bioavailability of trace elements in the ambient
habitat (Rainbow, 1995; Roberts et al, 2008). It is this capacity to integrate the shortterm temporal variation of trace element concentration in the media that has seen
macroalgae, including U. lactuca, employed as biomonitors (Wang and Dei, 1999).
There has traditionally been some variation in the use of the terms bioindicator and
biomonitoring, as they both describe a range biochemical variations, such as specific
symptoms, reactions, morphological changes or concentrations, measured in the tissue
or body fluids of an organism that indicates exposure to one or more contaminants
(Metian et al, 2008; Poikolainen, 2004). A bioindicator is an organism which provides
qualitative information on the environment and a biomonitor is an organism which
provides quantitative information on the environment (Gosselin et al, 2008; Poikolainen,
2004).
Effective biomonitors and bioindicators require a simple relationship between the
contaminant presence in the organism and the concentration in the environment, for
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metals these are the bioavailable portions (Croteau et al, 1988; Megharaj et al, 2003;
Metian et al, 2008). Trace element concentrations can be measured directly from water
by sampling but the results do not provide a meaningful gauge of their biological impact,
whereas biomonitoring provides a direct biological response to a potential contaminant
(Croteau et al, 1988; MacFarlane et al, 2006; Metian et al, 2008).
A bioindicator should have the required sensitivity to detect toxic effects, not only the
possible mortality of the organism but also the more subtle, sub-lethal effects that may
compromise an organisms biochemistry, physiology, reproductive success, and,
ultimately, influence the long-term survival of populations (Croteau et al, 1988;
MacFarlane et al, 2006). An effective biomonitor should be much more resistant to
contaminants, easy to collect, widespread and abundant, tolerant of a wide range of
chemical conditions, and provide sufficient tissue for contaminant analysis (Croteau et
al, 1988).
Macroalgae essentially only respond to dissolved metals and have been used in
contamination studies (Favero and Frigo, 2002) as well as an indicator of eutrophication
(Malea and Haritonidis, 2000). Malea and Haritonidis (2000) found that an increase in
macroalgae biomass had a dilution effect that reduced the metal content per unit
biomass. Aside from their abundance and relative ease of collection, the macroalgae are
sessile, hardy enough to allow laboratory studies, able to survive in highly polluted
areas, and large enough for easy analysis, all of which increase their suitability as
biomonitors (Szefer et al, 1997 not listed; Metian et al, 2008). U. lactuca are also fairly
cosmopolitan, have a simple morphology and have some tolerance to trace metals
(Wang and Dei, 1999).

2.3

Trace Elements

2.3.1

Trace Elements in Marine Ecosystems

Trace elements are ubiquitous to the environment and are generally found in relatively
small concentrations (Desya et al, 2002; Friberg et al, 1992) forming complex
compounds with oxygen, nitrogen and sulfur (Gorman, 1993). Human activities can
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concentrate these elements and subsequently result in higher environmental loadings
(Sadiq, 1992). The biota can also concentrate some trace elements through such
processes as biomagnification or bioaccumulation (Norton, 1997).
In the aquatic environment, trace elements normally exist in dissolved forms, such as
free hydrated ions, complex ions (chelated with organic ligands) or complexed with
organic ligands (such as amines, humic and fulvic acids, and proteins), or in particulate
forms, such as colloids or aggregates (for example, oxyhydroxides) (Norton, 1997). They
can be adsorbed onto particles, precipitated as coatings onto particles, incorporated into
organic particles such as algae, or held in the structural lattice in crystalline detrital
particles (Norton, 1997).
Environmental factors such as pH, redox potential, ionic strength, salinity, alkalinity,
organic and particulate matter, and biological activity determine the physical and
chemical forms of the elements in seawater systems (Norton, 1997; Vymazal, 1995).
The forms of the elements can be altered when these variables change, which can
further affect the availability, accumulation, and toxicity (Burgess & Scott, 1992; Norton,
1997; Vymazal, 1995).
The interaction of elements and the biota not only influences the elements and their
forms, it also can affect the organisms by elevating accumulation, inhibiting biological
processes, interfering with nutrient cycles, reducing biota diversity, and causing sublethal and lethal toxic responses (DeNicola and Stapleton, 2002; Doelman, 1995; Ehrlich
et al, 2001; Pena-Castro, et al, 2004). The concentration of the trace element loadings in
the coastal environment eventually decreases, due to dilution from the larger water body
and as they precipitate as insoluble oxyhydroxides, carbonates, or phosphates at a more
alkaline pH, such as that of seawater (Norton, 1997). Some of these processes are the
biochemical interactions that form part of the relationships between the various biotic
components, such as algae communities and bacterial biomass.
Heavy metals are considered those trace elements with a mass density above five. The
most important micropollutants are lead, chromium, cadmium, mercury, nickel, copper
and zinc. Only the last two elements listed above are essential for many biochemical
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processes, but at very low concentrations (Doleman, 1995). In this thesis heavy metals
will be considered as trace elements.

2.3.2

Biomagnification

Biomagnification is a process by which trace elements can move upwards through the
food chain to higher trophic feeders, increasing its concentration at that level (Hima et al,
2007; Sokolowski et al, 2005). Bioaccumulation occurs in living cells of organisms as
they transport potential toxins across the cell membrane and through its metabolic cycle
and thus accumulate intracellularly (Vijayaraghavan and Yeoung-Sang, 2008).
The greatest bioconcentration of trace elements from water into tissues occurs at the
bottom of the trophic structure, where they transfer from solution or benthic assimilation
and enter into the food chain through the primary producers, decomposers and those
feeding on them (Sokolowski et al, 2005, check reference details; Stewart et al, 2005).
Thus an accumulation of contaminants in the cells of the organisms at these levels can
result in their magnification higher up the food chain. The upward magnification is
dependent on several factors, such as feeding and grazing patterns, incidental ingestion
of sediments or particles containing the associated element, and a possible filtration
effect, such as through the gills of the organism (Sadiq, 1992).
Several authors have suggested that while cadmium bioaccumulates in organisms in the
trophic structure, it is not enzymically transformed nor does it biomagnify in the food web
(Hoffman et al, 1995; Sadiq, 1992; Trevors, 1989). Barwick and Maher (2003) found that
there was no discernible trend in mean cadmium concentrations between trophic groups
investigated and there was no evidence of biomagnification of cadmium. Overall, while
they reported variable biotransference of cadmium between lower trophic levels, Barwick
and Maher (2003) found no evidence of biomagnification.
Aquatic organisms can biomagnify selenium as they are often able to absorb and retain
a higher concentration than the content of their food or medium (Lemly, 1997).
Whereas cadmium is excreted to reduce levels, aquatic organisms are thought to have a
retention mechanism for selenium to ensure their supply of this essential nutrient in
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periods of scarcity (Barwick and Maher, 2003; Lemly, 1997). The biomagnification
process is thought to be a major pathway leading to its toxicity and can result in the
delivery of a toxic dose of selenium to higher consumer organisms, such as fish and
birds or even humans, even though the concentrations in the water medium may be low
(Barwick and Maher, 2003; Lemly, 1997).
In their studies, Barwick and Maher (2003) found moving up the trophic structure
corresponded to an increase in mean selenium concentration and elevated
concentrations when compared to organisms from uncontaminated environments. The
predominant mode of selenium accumulation appears to be dietary uptake and
biomagnification would most likely occur where the excretory processes are
overwhelmed in contaminated environments by high selenium loading (Barwick and
Maher, 2003).

2.3.3

Biosorption

Biosorption is a passive, metabolic independent process that involves the binding of
metals, metalloid species or compounds and particulates from solution by living, dead or
inactive biomass (Hima et al, 2007; Kadukovaa and Vircıkova, 2005; Schiewer and
Wong, 2000; Vijayaraghavan and Yeoung-Sang, 2008; Wang and Chen, 2009). It varies
from bioaccumulation, which is the intracellular metal accumulation by living cells and
requires active metabolic cycles to drive the transportation mechanisms (Kadukovaa and
Vircıkova, 2005; Vijayaraghavan and Yeoung-Sang, 2008).
As biosorption is independent of nutrient presence and metabolic cycles it is a fast
reversible process, its rate dependent upon its process type, whilst bioaccumulation is
slow and nutrient dependent (Febrianto et al, 2009; Kadukovaa and Vircıkova, 2005).
The dependence of bioaccumulation on metabolic processes means that factors which
reduce metabolism, such as low temperatures or a lack of energy in the form of light, will
also inhibit bioaccumulation (Kadukovaa and Vircıkova, 2005).
Biosorption occurs between functional groups in the cell wall and the metals or
contaminants in solution (Vijayaraghavan and Yeoung-Sang, 2008). As a passive
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accumulation process biosorption can encompass ion exchange, coordination,
electrostatic interaction, complexation, chelation, adsorption and microprecipitation and
can reduce metal ions in solution from parts-per-million concentrations to parts-perbillion (Chojnacka et al, 2005; Febrianto et al, 2009; Vijayaraghavan and Yeoung-Sang,
2008; Wang and Chen, 2009).
Biosorption occurs in a liquid phase, normally water, involving a biomass, the solid
phase biosorbent, and a dissolved species, the sorbate (an ion), where the imbalance
between the ion in solution and the lack of ions on the biosorbent drives the process until
equilibrium is reached or the capacity of the biosorbent sites is full (Hima et al, 2007;
Vijayaraghavan et al, 2009). If the biosorbed cell is still viable the ion may be transported
intracellularly using bioaccumulation mechanisms (Hima et al, 2007).
Zamil et al (2009) considered that most research on biosorption influences have
concentrated on environmental factors and has separated the main influences into three
categories; metal ionic characteristics (for example atomic weight, ion radius, valence),
the nature of the biosorbents (for example cell age), and biosorption conditions (for
example pH, temperature, contact time). van Hullebusch et al (2005) list the influences
on the effectiveness of the biosorption process as:
•

pH;

•

the charge on the mineral surface as a function of pH;

•

the type of sorption complex formed;

•

competition between different ions for the same types of reactive surface sites;

•

the presence of organic and/or inorganic ligands that can inhibit or enhance
sorption of a metal ion; and,

•

the presence of surface coatings such as biofilms that may block reactive sites
and/or create new sorption sites.

The cell wall of the microorganisms involved in biosorption mechanisms consists mainly
of polysaccharides, lipids and proteins, which provide numerous sites for ion binding
through physicochemical mechanisms (Kadukovaa and Vircıkova, 2005; Wang and
Chen, 2009). Macroalgae act effectively as biosorbents because of their large surface
area, the presence of abundant metal-binding sites, which include numerous functional
groups such as carboxyl, amine, imidazole, phosphate, sulphate, sulfhydryl, and
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hydroxyl groups contained in cell proteins and sugars (Hima et al, 2007; Vieira and
Volesky, 2000; Zamil et al, 2009). Similar to macroalgae, bacteria also serve as
excellent biosorbents due to their high surface-to-volume ratio and high concentration of
potentially active chemosorption sites (Vieira and Volesky, 2000).

2.3.4

Algae and Bacterial-Trace Element Relationships

Marine macroalgae play an important role in introducing metals into marine food webs
as they can accumulate metals from seawater and are the principle food source for
marine herbivorous fish (Chan et al, 2003). Bacteria are the most abundant sediment
organism and play an important role in the outcome of contamination as they can
transform metals into their toxic forms through precipitation or volatilisation (Gillan et al,
2005). At least one third of the transformations of elements are generally achieved
through biochemical cycles such as assimilatory, dissimilatory, or detoxification
processes resulting from algae and bacterial activities (Stolz et al, 2002).
Elements can be taken out of solution by biochemical processes such as algae
absorbing cadmium ions suspended in the water media and the cadmium is deposited to
the sediment layer when the organism dies (Sadiq, 1992). The binding of trace elements
in sediments and suspended matter can be temporary due to the dynamic nature of
aquatic systems which may facilitate their recycling and reintroduction into the marine
environment in their bioavailable forms (Forstner, 1980).
Toxic exposure from trace elements on organisms provokes sub-lethal and lethal
responses (Norton, 1997; Wong et al, 1980). Sublethal toxicity, especially over
prolonged exposures, can impact on the organism in several ways – its physiology and
biochemistry, morphology, behaviour, reproduction and the species composition of the
biotic community, as the sensitive species disappear and the tolerant flourish (Norton,
1997; Shehata et al, 1999).
Trace elements rarely act in isolation, especially in the environment (Megharaj et al,
2003; Shehata et al, 1999). Shehata et al (1999) noted that metals may act both
antagonistically where one metal ameliorates the toxicity of the other metal or, in some
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instances synergistically where the toxic response is greater than the sum of the
individual toxicities. However, this measure can be enhanced or suppressed by other
trace element concentrations (Smiejan et al, 2003). For example, chlorine can complex
with cadmium to reduce its free ionic presence, which reduces its biotoxic effect and
accumulation potential; and zinc, which exerts an antagonistic influence towards
cadmium and can provide a chemical buffer against its uptake and toxic effects, even
while cadmium can replace it in the biochemical process and gain access to the cell
(Sadiq, 1992).

2.3.5

Speciation and Bioavailability

The link between speciation and bioavailability has long been recognised and,
etymologically, chemical speciation refers to the actual identification of chemical species
(Sauve, 2003). From a purely chemical perspective; chemical reactions are controlled by
speciation (Sauve, 2003; Smiejan et al, 2003). Speciation and bioavailability of several
metals are influenced by their redox transformations as many metals exist in more than
one oxidation state in natural environments (Megharaj et al, 2003).
Trace elements exist in solution as chemical species, which controls their bioavailability
and generally an increased bioavailability is associated with the "free" forms, which can
also increase their potential toxicity (Burgess and Scott, 1992; Megharaj et al, 2003). For
example, the free cadmium ion is believed to be the most bioavailable form and hence
more toxic to organisms (Megharaj et al, 2003). Also, a trace element dissolved in water
but bound to dissolved organic matter is often not readily bioavailable (Burgess and
Scott, 1992; Megharaj et al, 2003).
Each different physicochemical form of an element (its speciation) can demonstrate
different bioaccumulation tendencies, toxicity limits, effects on the degree of adsorption
and desorption on the surfaces of suspended particulates, rates of transfer to the
sediments, and overall transports in an aquatic system, which makes chemical
speciation one of the most important parameters (Sadiq, 1992). Determination of
dissolved bioavailable elements is not easy and requires speciation studies in order to
discriminate free metal ions from those which are either inorganically or organically
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complexed. Different organisms and species show different response mechanisms to
metal ions in solution (Favero and Frigo, 2002).
The chemical properties of the trace element and of the medium which influence
speciation, and therefore bioavailability, include:
•

Organic chelators and complexing agents;

•

Presence of other elements and ions such as calcium, magnesium, phosphorus,
and carbon, other “heavy” metals, sulfur compounds and amino acids;

•

Ionic strength;

•

Redox potential;

•

Cell concentrations;

•

Temperature;

•

Salinity;

•

Light intensity;

•

Aeration and composition of the medium;

•

Limiting nutrients;

•

The exchange reactions between suspended sediments and water; and

•

The age of the cells (Macinnis-Ng and Ralph, 2002; Megharaj et al, 2003; Roane
and Pepper, 1999; Vymazal, 1995).

There are relatively few quantitative examinations of trace metal uptake rates to aquatic
bacteria despite a relatively large number of papers that have examined the molecular
mechanisms of the uptake process (Smiejan et al, 2003).
Organisms may respond to changes in environmental availability without any changes in
their tissues burden; alternatively, other organisms may accumulate contaminants
without inducing any physiological changes (Sauve, 2003). Above a high environmental
threshold, most organisms are overwhelmed and may take up drastically higher levels of
contaminants or stop uptake because of disruption of normal physiological activities
(Sauve, 2003).
There does not appear to be any one master or controlling factor that determines an
element’s form in a particular system but rather a combination of several active ones
(Burgess and Scott, 1992) such as those outlined above.
28

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva
2.3.6

Curtis Gregory

Metal Uptake in the Cell

To exert any type of influence, either nutritional or toxic, a trace element must enter a
cell within the organism (Hao et al, 1999; Smiejan et al, 2003). Microorganisms are
capable of accumulating metal ions by two types of processes - biosorption or
bioaccumulation (Lodeiro et al, 2005; Mohamed, 2001). Biosorption involves the energyindependent binding of metals to cell walls, and includes both passive diffusion and
facilitated diffusion, whereas bioaccumulation is an active-transport process and is
energy dependent (Lodeiro et al, 2005; Mohamed, 2001; Vymazal, 1995).
The biosorption capacity is contained within the cell walls of many bacteria and algae
(Mohamed, 2001) and, being metabolism independent, the cell surface binding can
occur in either living or inactivated micro-organisms; whereas bioaccumulation can take
place only in living cells because of the energy requirements (Chang et al, 1997). The
accumulation of trace elements through these processes is influenced by a number of
important abiotic and biotic factors which are very similar to those factors which
influence the speciation of the element, listed previously (Vymazal, 1995).
Metals can use the uptake systems of essential cations for transport into a cell and the
initial binding sites are included in proteins, nucleic acids, polysaccharides, and
specialised ligands (Hao et al, 1999; Hughes & Poole, 1989). It is at this stage where
exclusion of the ions may occur, adsorbing to proteins and polysaccharides that can bind
the metals external to the cell (Hughes & Poole, 1989; Vymazal, 1995).

2.3.6.1 Passive diffusion
Passive diffusion involves the movement of substances into cells without energy
expenditure or transport proteins (Vymazal, 1995). The trace element uptake rate in
micro-organisms tends to have a linear relationship with its concentration in the
dissolved state suggesting that uptake is mostly controlled by exposure concentration,
as the trace element moves from the higher concentration to the lower concentration
(Macinnis-Ng and Ralph, 2002; Vymazal, 1995; Wang and Dei, 1999). This assists in
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lowering its thermodynamic potential and moves the system towards thermodynamic
equilibrium.
The pH of the medium is an important factor that can influence the receptiveness of an
organism to metal ions, with the greatest efficiency occurring at around 5.0 to 7.5 (Pardo
et al, 2003). Where the pH decreases cell surfaces tend to become more positively
charged and the H+ ions tend to increasingly compete for charged sorption sites,
whereas under increasing pH levels, surfaces become more negatively charged
increasing cation sorption site availability (Costilow, 1981; Lodeiro et al, 2005; Wang and
Dei, 1999).
Passive diffusion is a function of ionic attraction with the ion moving along the path of
electrochemical potential difference (Chang et al, 1997; Lodeiro et al, 2005; Vymazal,
1995). Non electrolytes (uncharged particles) diffuse through membranes with a rate
proportional to their solubility in lipid and inversely proportional to their molecular size
(Vymazal, 1995). In addition, no carriers or binding sites are involved in diffusion and
therefore it is nonsaturable (Vymazal, 1995).

2.3.6.2 Facilitated diffusion
Facilitated diffusion involves the transfer of elements into or out of cells along a
concentration gradient down a series of metal-binding ligands of increasing affinity by
carrier proteins in the cell membrane (Phillips & Rainbow, 1993). This does not require
energy expenditure and often the process occurs more rapidly than with passive
diffusion (Vymazal, 1995). Those metals that tend to be associated with proteins,
including cadmium, have a much higher uptake rate than those metals that are not sulfur
seeking, such as selenium (Wang and Dei, 1999). This increased uptake is facilitated by
binding with any protein ligands (Wang and Dei, 1999). Facilitated diffusion and active
transport mechanisms can be saturated through high external concentration of the ion,
but, with passive diffusion, the transport rate is directly proportional to the external
concentration up until a high point is reached, at which the uptake is virtually constant
and thus independent of the external concentration of the nutrients (Vymazal, 1995).
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2.3.6.3 Active transport
Active transport processes uses the expenditure of energy to move substances across a
membrane against an electrochemical gradient from a lower concentration to a higher
concentration (Vymazal, 1995). In contrast with the sulfur-seeking metals, the major
alkali and alkaline metals, such as sodium, potassium, and calcium, are taken up
through the energy driven mechanism of active transport pumps (Phillips and Rainbow,
1993). These major ions do not have a high affinity for organic ligands and require
energy to cross the membrane as they do not bind readily to transport proteins (Phillips
and Rainbow, 1993).
Active transport usually occurs at a greater rate than both passive and facilitated
diffusion and covers all processes that involve metabolic energy driven ion uptake
(Vymazal, 1995). While the active transport process is fairly independent of pH levels it
is influenced to a greater degree by temperature, roughly doubling uptake rates when
temperature is increased from 10°C to 20°C, which would only increase passive diffusion
by about 20% (Vymazal, 1995).

2.3.6.4 Algae
Trace element accumulation in algae appears to be controlled by a rapid initial
absorption on the cell surface followed by diffusion-controlled uptake into the cell (Harris
and Ramelow, 1990; Wang and Dei, 1999). This has been observed in cadmium uptake
by algae in several studies (Hu et al, 1996). The uptake utilises the membrane-transport
proteins involved in regulation and intracellular transport of trace metals (Langston and
Spence, 1995; Megharaj et al, 2003). These transport systems are not specific to any
single metal and non-essential elements can exclude essential nutrients and result in
intracellular transport of competing toxic metals (Megharaj et al, 2003).
There is ample opportunity for metal ions, particularly those considered heavy metals
present in waste streams, to form surface complexes as the algae cell surface is a
mosaic of metal-ion-binding sites made up of lipid, carbohydrate, and protein
components. This creates a spectrum of distinct binding sites that differ in affinity and
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specificity that can absorb nutrients over their entire surface (Megharaj et al, 2003;
Tortora et al, 1986). Metal binding has been found to be dependent on pH, temperature,
and the presence of competing ions (Levine, 1984).
While the cell wall structure in U. lactuca presents a number of potential binding sites
(Webster et al, 1997), it was also found to have significantly reduced cadmium uptake
during dark exposure, whereas selenium was relatively unaffected (Wang and Dei,
1999). This may suggest that while cadmium uptake is predominantly via passive
diffusion along a concentration gradient, it also has a component stage that uses an
energy-dependent active transport mechanism (Norton, 1997; Vymazal, 1995; Wang
and Dei, 1999). This further suggests that, in some instances, metals are taken up both
passively and actively by algae (Norton, 1997).

2.3.6.5 Bacteria
Passive or facilitated diffusion appears to dominate bacterial trace element uptake from
the dissolved phase and in their study, Chan et al (2003) observed a linear uptake
pattern. Bacterial surfaces appear to have a rapid and reversible metal binding capacity,
most likely due to the presence of polarisable groups capable of cation exchange, whose
effect is disrupted under low pH conditions (Kaulbach et al, 2005). On a per gram basis,
algae and bacteria exhibit broadly similar cadmium adsorption characteristics (Kaulbach
et al, 2005) although it also appeared that some bacteria could rapidly produce strongly
cadmium-binding ligands that modified its bioavailability (Smiejan et al, 2003).

2.3.7

Toxic Effects

Many of the cytological changes that accompany elevated trace element exposure,
particularly by those termed as heavy metals, are the result of damage or alterations to
the membrane structure, producing swollen organelles or other osmotic disruptions
(Vymazal, 1995). In naturally polluted environments, the response of biotic communities
to trace elements depends on their concentration and availability (Hassen et al, 1998).
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The most obvious impact of acute poisoning through the toxic action of elevated trace
elements is the mortality of the organisms exposed (Lobban and Harrison, 1997).
Toxicity of metals to algae is manifested via their inhibitory effects on growth, pigments,
macromolecules, ATP generation, photosynthesis, nitrogen fixation, nutrient uptake,
glutamine synthetase, nitrate reductase, cell volume reduction, membrane permeability,
and cell morphology (Hughes and Poole, 1989; Megharaj et al, 2003).
Some of the most common examples of toxic elements are cadmium, mercury, thallium,
tin, lead, and arsenic, all of which polarise readily, and whose cations bind strongly to
many ligands in cells (Hughes and Poole, 1989). Any factor which affects trace element
behaviour will also affect how their relationship functions with aquatic organisms (Sadiq,
1992).
There is normally not much distinction between bacteria and algae in aquatic systems
when considering the toxic impacts of trace elements. This is often because the end
result of limiting growth, production and diversity is the common outcome and the
chemical form of the element does as much to distinguish its toxicity as the biological
organism (Roane and Pepper, 1999; Vymazal, 1995).
As most of the bacterial activity within the aquatic medium occurs in the sediment
component, influences from this portion become important in understanding the toxicity
exposure (Power and Chapman, 1992). For trace elements to reach benthic organisms
there are three main exposure paths;
•

Interaction with the sediments themselves, for example, through ingestion or
absorption;

•

From the overlying water;

•

Through interstitial, or pore, water, for example across respiratory surfaces and
body walls (Power and Chapman, 1992).

The toxic actions on algae occur through inhibiting or disrupting their growth,
reproduction, morphology and ultrastructure, biochemical activities, including metabolism
and detoxification capacity, polyphosphate bodies, and metallothionein, all of which can
result in decreased biomass and diversity (Hassen et al, 1998; Roane and Pepper,
1999; Vymazal, 1995). Algae metal resistance and detoxification mechanisms include
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volitisation, extracellular precipitation and exclusion, intracellular sequestration, and
membrane associated metal-pumps (Roane and Pepper, 1999).
Both Wille (2004) and Bai (2005) found that both cadmium and selenium exhibited a
toxic effect on the algae, reducing the biomass with an increase in uptake of the
elements over the period of the experiments.

2.3.8

Toxic Reduction of Microbial Diversity

Acute toxic exposures can lead to a reduction in numbers and diversity of microbiota,
with the impacts being passed indirectly up the trophic levels (Carlot et al, 2002).
Gradual and/or diffuse exposure can cause a taxonomic shift within the microbial
community as sensitive organisms are excluded and, similar to the regrowth stage after
an acute exposure, tolerant micro-organism communities develop and proliferate (Carlot
et al, 2002; Doelman 1995).
However, Megharaj et al (2003) noted that algae populations, particularly phytoplankton,
often recovered from the metal stress once the metals were eliminated from the media
and resulted in the production of biomass equivalent to a control community without
metal exposure. The shift in the composition of natural assemblages of algae in
response to toxic metals seems to be a common mechanism of adaptation to the
toxicant (Megharaj et al, 2003).

2.3.9

Tolerance Mechanisms

In response to toxic stresses, particularly from the trace metals, some organisms have
evolved metal resistance and detoxification mechanisms (Roane and Pepper, 1999).
The resistance of organisms has a potentially useful application in providing techniques
for contamination remediation and pollution limiting techniques that may replace the less
efficient and more expensive chemical or physical approaches (Roane and Pepper,
1999).
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The tolerance mechanisms are an important behavioural component of the biota-trace
element relationship and can be expressed through a variety of means; including
exclusion, active removal, biosorption, precipitation or bioaccumulation both in external
and intracellular spaces; and can modify the efficiency of the accumulation process by
influencing the elements solubility and bioavailability (Carlot et al, 2002; Roane and
Pepper, 1999). Ganguly and Jana (2002) have observed two tolerance capacities within
microbial activity; firstly, a sequestering function in removing trace elements from
solution where they form solid deposits that usually return to the sediment sink, and,
providing a buffering effect, through resistance, to potential impacts.
Specifically for cadmium, several studies have identified the tolerance processes include
cadmium being sequestered in the extracellular medium through the secretion of a
polymer or protein; being bound to the cell wall or excluded from it through cell surface
interaction; and, intracellular mechanisms such as export and intracellular sequestration
(Ganguly and Jana, 2002; Knotek-Smith et al, 2002). With selenium, on the other hand,
Li et al (2003) demonstrated that some organic actions are able to reduce selenite or
selenate to the less bioavailable Se (0) form.
Aside from the buffering capacity, this resistance can have an indirect effect on the
biomass of the bacterial community by increasing the ratio of the resistant strain over
those less resistant (Bourg and Loch, 1995; Trevors, 1989). At high enough levels of
trace element concentration, the resistance mechanism provide little benefit and the
lethal toxic effects are generally felt by the whole bacterial community (Trevors, 1989).
Bacteria can form biofilms or masses that can complex the ions to remove them (Carlot
et al, 2002; Trevors, 1989). Bacterial tolerance processes can have an indirect beneficial
aspect in addition to their primary resistance in that they can influence the solubility and
bioavailability of the trace element and thus reduce its accumulation efficiency (Carlot et
al, 2002).
Tolerance to several toxic metals has been demonstrated in many algae and different
mechanisms have been suggested (Megharaj et al, 2003). The two primary mechanisms
include physical exclusion of metal ions because of reduced membrane permeability and
accumulation in the form of protein-metal association (Hassen et al, 1998). Usually,
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metal exclusion in algae may result from binding of the metal by cell wall or organic
ligands so that metal is unavailable for interference with normal functioning of the
organism (Megharaj et al, 2003).

2.4

Cadmium

Cadmium is not naturally found in its pure form and is generally introduced into the air,
land and water media at an increased concentration through human activities (Friberg et
al, 1992; Sadiq, 1992). It is a serious pollutant for plants and animals, particularly in
coastal waters near industrial areas (Norton, 1997) such as those that characterise the
Illawarra region. Where human health is concerned, outside of tobacco smoke, the major
exposure to cadmium occurs through food intake, with potential risk from agricultural
fertiliser application or from accumulation in shellfish and crustaceans, or in an
occupational setting (Friberg et al, 1992).
Cadmium is regarded as a primary pollutant and serves no biologically useful function
and is generally considered among the most biotoxic of the elements as it is readily
accumulated in humans as the human body excretes it slowly (Hu et al, 1996; Sadiq,
1992). It is unique amongst chemicals in that it is always associated with zinc, which,
paradoxically, is an essential trace element in living cells (Wong et al, 1980).

2.4.1

Chemistry

Cadmium is mainly associated with sulfide ores of zinc, lead and copper and is toxic
(atomic number 48; relative atomic mass 112.40, Periodic Table group IIb) (Ferianc et al,
1998; Friberg et al, 1992). Through the United Nations Environment Programme, it has
been reviewed by the International Register of Potentially Toxic Chemicals and was
considered to be a chemical that was potentially dangerous at a global level, and USA
regulators have classed it as a group B1 human carcinogen and is commonly ranked
among the top 10 priority pollutants (Friberg et al, 1992; Sharma et al, 2000).

36

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Cadmium is fairly mobile in aquatic systems, is considered a soft acid whose most
bioavailable form is the free Cd2+ ion and has an affinity for sulfur (Sadiq, 1992;
Vymazal, 1995). It most often accumulates in fish and invertebrates and targets the
vertebrate kidney (Hoffman et al, 1995). Cadmium is readily taken up by bacterial cells,
presumably by the manganese uptake system (Ferianc et al, 1998).

2.4.2

Transportation

The movement of cadmium in marine environments is nutrient-like in its behaviour as it
becomes depleted in the photic zone through interaction with biological components and
then regenerated at lower depths where the organisms, especially planktonic types,
decompose (Sadiq, 1992). An abundance of nutrients can enhance microbial biomass
and provide ready binding material for the biogeochemical interaction with cadmium
(Sadiq, 1992).
In aqueous solution, whether freshwater or marine, cadmium exists in either the
dissolved state (which includes both the free ion form and that complexed with various
organic and inorganic ligands) or the particulate form (which includes cadmium adsorbed
to organic and inorganic particulate material) (Kalid, 1980; Phillips, 1980; Wong et al,
1980). Since cadmium is similar to zinc, it can displace the latter in many enzymes
(Wong, Mayfield & Chau, 1980).
Any factor that may increase the concentration of the free ion (Cd2+) will increase
cadmium mobility and its capacity to bioaccumulate (Sadiq, 1992). Cadmium readily
complexes with anions such as chlorine, decreasing the concentration of Cd2+ which
results in its generally lower levels in marine environments as opposed to freshwater
aquatic environments (Sadiq, 1992).
Sediments high in organic carbon can reduce cadmium toxicity and bioavailability
through chemical binding (Ganguly and Jana, 2002). The potential for toxic exposure
can recycle when sediment bound metals are released either in dissolved or particulate
form into the water column, where they can be filtered or absorbed. Several
physicochemical factors can facilitate cadmium release back into the aqueous
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environment including the lowering of pH, a change in the redox conditions, increased
organic chelator input, and increased salinity (Forstner, 1980).
Where trace elements are bound into sediments the elevated concentrations may cause
additional exposure and increased toxic effects to sediment organisms (Kalid, 1980;
Wong et al, 1980). It is where this potential increased exposure and toxicity can impact
on bacteria’s biological functioning and result in a detrimental impact throughout the
trophic structure (Fenchel, 2001).

2.4.3

Toxicity

As noted previously, cadmium serves no biological function and is regarded as one of
the more toxic pollutants (Phillips, 1980; Sadiq, 1992; Trevors, 1989). The toxic effects
of cadmium on algae include inhibition of cell division, growth, biomass, and motility, the
“poisoning” of enzymes, and cadmium can displace zinc, an essential element, because
of their similarities (Fernandez-Leborans and Herrero, 1999; Vymazal, 1995). There are
numerous chemical and physical factors that influence cadmium toxicity towards aquatic
organisms, and algae in particular, which range from temperature, nutrient loading,
salinity, and light penetration to pH, water hardness, antagonistic relationships with other
elements and sediment composition (Sadiq, 1992; Wong et al, 1980).
Cadmium can inhibit bacterial growth and cellular respiration in its toxic form, possibly
through the complexing of essential proteins and amino acids, and can induce possible
chronic genetic disruption (Ganguly and Jana, 2002; Trevors, 1989). The toxic effects of
cadmium are also expressed at the population level, reducing biomass, biological
diversity and the distribution of species through an ecosystem (Desya et al, 2002).

2.5

Selenium

Selenium is a naturally occurring ubiquitous trace element (Yao and Zhang, 2005). It is
normally found in association with sulfur-containing minerals and released through
natural processes or human activities, such as copper refining, irrigation, agriculture,
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mine drainage, petroleum processing, and urban uses (Brown and LeMay, Jr, 1985;
Higashi et al, 2005; Ike et al, 2000;). It has a similar cycling to sulfur and can be
transformed by microorganisms through oxidation, reduction, methylation, and
demethylation reactions (Dungan and Frankenberger, 2001).
Highly soluble selenium compounds, which are the most toxic and bioavailable, exist as
selenate (SeO4-2) and selenite (SeO3-2), which can be reduced to selenide and to
elemental selenium by microbial activity (Ike et al, 2000; Lucas and Hollibough, 2001;
Turner et al, 1998). Studies have shown that selenite is more bioavailable to
phytoplankton growth than selenate; however, the latter can be more toxic (Yao and
Zhang, 2005). Selenite and selenate are readily taken up by bacteria while selenite is
preferred by phytoplankton (Peters et al, 1999).
Selenium can be regenerated from organic detritus in deep waters via biodegradation
and may enter the food chain through the bottom feeding organisms (Lovley, 1993; Yao
and Zhang, 2005). Similar to cadmium, selenite and selenate have been consistently
reported to have a nutrient-type profile in the ocean, displaying surface-water depletion
and deepwater enrichment (Yao and Zhang, 2005).
Selenium is an essential element in biochemical processes, enabling growth and
survival; however, the concentration range for this nutrient behaviour is very narrow and
at elevated concentrations it is toxic (Hughes and Poole, 1989; Lucas and Hollibough,
2001). Selenium is also of fundamental importance to human health. Selenium bioeffects
are mainly involved in immune function, reproduction, mood, thyroid function,
cardiovascular disease, cancer, viral infection, metal toxicity and other functions (Li et al,
2003).
It is known that in prokaryotic organisms, such as bacteria, selenium oxyanions are
utilised for energy and can be obtained through biochemical systems such as
remineralisation processes, and in bacteria there is also the capacity for removal of this
element (Stolz et al, 2002; Turner et al, 1998). Selenium compounds can also find other
ways into a bacterial cell, such as by utilising transport systems dedicated to similar
elements or chemical species (Turner et al, 1998).

39

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Wheeler et al (1982) found that a reduced growth rate in algae could be measured at
concentrations ranging from 0.1 to 1.0 mg/L selenate, and a concentration of 10 mg/L
was lethal to all tested algae after 4 to 5 days of exposure. A concentration of 0.01 mg/L
selenate tended to improve the algae growth rate (Wheeler et al, 1982). However, there
is still debate on what constitutes a “safe” concentration level for selenium and its forms
to preserve the health of the environment, with suggestions that even a level of 5 µg/L
selenium was too high to avoid all risks to wildlife (Higashi et al 2005). For humans the
recommended safe level of selenium intake is in the range of 0.05 to 0.20 mg/day
(Hartikainen, 2005).

2.5.1

Chemistry

Selenium (atomic number 34; relative atomic mass 78.96), sits with the group 6A
elements in the Periodic Table and is not very abundant in nature, being rather scarce
(Brown and LeMay, Jr, 1985).

2.5.2

Transportation

The reduction of the oxyanion forms, selenate and selenite, to the elemental form
selenium, occurs primarily through biotic processes and plays an important role in its
detoxification and immobilisation in the sediments (Ike et al, 2000; Stolz and Oremland,
1999).
Lemly (1997) identified four primary pathways for the interaction of selenium and aquatic
media, which were; ingestion or absorption by organisms; binding or complexing with
particulate matter; free in solution, or; volatilised into the atmosphere. The processes
that can increase the availability of selenium can occur by action of plant roots or microorganisms through the oxidation and methylation of inorganic and organic selenium; the
action of burrowing invertebrates or the feeding of fish or wildlife inducing a mixing effect
that results in an oxidation of sediments; the mixing and oxidation through the
mechanisms of natural water circulation patterns and its causes, such as wind action,
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currents, stratification and precipitation, and; finally, oxidation through photosynthesis
(Lemly, 1997).
Selenium was found to biomagnify (Higashi et al, 2005) and, in a study of Lake
Macquarie, a northern NSW coastal saltwater lake, Peters et al (1999) found that benthic
organisms accumulated selenium from contaminated sediments. This was transferred up
the trophic structure to fish (Peters et al, 1999).

2.5.3

Toxicity

Similar to the toxic effects of other trace elements, selenium toxicity can result in the
reduction in diversity, abundance, photosynthesis and productivity of aquatic organisms
(Vymazal, 1995). Another suggested toxic effect is competition between selenate and
sulfate anions through the absorption process at the cell membrane, which can lead to
the exclusion of the sulfur required for essential proteins (Vymazal, 1995; Kimball, 1983).
It is also suggested that selenite can disrupt the energy transfer process which can limit
growth (Li et al, 2003).
Amongst the higher trophic organisms, selenium has been shown to cause fish and bird
mortality and has a number of sublethal toxic effects, such as oedema, reduced
hematocrit and haemoglobin levels, swollen gill lamella with extensive vacuolation,
degeneration of ovarian follicles and liver, myocardial and pericardial damage and
chromosomal aberrations (Peters et al, 1999). Determining safe environmental levels is
quite difficult and complicated as the margin between nutritional requirement and toxicity
is unusually narrow (Higashi et al, 2005).

2.6

Environmental factors

Environmental factors influence the mobility and speciation of trace elements, often
causing an increase in bioavailability with a resultant increase in toxicity, adding further
stresses to the microbial populations and exacerbating their response in polluted
systems (Roane and Pepper, 1999; Vymazal, 1995).
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Coastal Environment

Coastal ecosystems are dynamic environments with a continuous input and output of
both material and energy (Lobban and Harrison, 1997; Rhee, 1989). In this environment,
marine algae form communities that are quite complex and responsive to a variety of
biotic and abiotic factors (Lobban and Harrison, 1997; Norton, 1997).
The algae and bacteria inhabiting rocky intertidal shores are subject to stress from the
extremes of the environment such as high substrate temperatures, desiccation, and high
levels of solar radiation (Molina-Montenegro et al, 2005). These influences are
commonly measured individually, in reality they are a composition of multiple variables
that involve sophisticated interactions at varying intensities (Lobban and Harrison, 1997;
Rhee, 1989). The major environmental influences on marine macroalgae tend to be light,
temperature, salinity, water motion, and nutrient availability (Lobban and Harrison, 1997;
Sadiq, 1992). The most common biological influences are age, reproductive condition,
and nutrient capacity, mainly determined by stores of nitrogen, phosphate and carbon
(Lobban and Harrison, 1997).
These environmental factors can involve of multiple interactions or influences, such as
light, which consists of intensity and period, and can affect both the algae and trace
element uptake (Lobban and Harrison, 1997). Furthermore, light itself is affected by the
turbidity of the water and the depth of penetration, and in return can affect other factors
such as temperature, which affects water density (Lobban and Harrison, 1997).
In several instances, some factors act synergistically, for example, the combination of
low salinity and high temperature can induce harmful effects at concentrations where in
an individual exposure the organisms would be able tolerate (Lobban and Harrison,
1997).

2.6.2

Light

Light is one of the most influential environmental factors as it provides the initial input of
energy into an ecosystem through the photosynthesis of the primary producers
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(Kennish, 1990). The amount of available light in a marine environment depends on
numerous factors (Kennish, 1990; Russell-Hunter, 1970):
•

On the angle of the sun during the day;

•

The season of the year;

•

Latitude of the ecosystem;

•

Local climatic conditions (such as percent of cloud cover and wind patterns
influencing particle suspension);

•

Turbidity, increasing this will reduce the penetration of light through the water
media;

•

A dense algal bloom can shadow the deeper water layers beneath, reducing light
penetration;

•

Scattering and reflection of solar radiation from the water surface;

•

Attenuation in the water column through absorption and scattering of light by
water molecules, suspended particles, and dissolved matter; which tends to be
greater in estuaries than coastal or open oceanic environments where turbidity
tends to be lower; and,

•

Photosynthesis increases logarithmically with increasing light intensity until a
maximum value is reached.

In a marine environment, primary producers, most particularly algae, are affected by a
number of different aspects of light (Kennish, 1990; Russell-Hunter, 1970);
•

The intensity;

•

The changes in light on passing from air into water;

•

The influence of increasing water depth;

•

The absorption of radiant energy by phytoplankton cells;

•

The absorption spectrum of the plant photosynthetic pigments;

•

High intensity light can cause damage to photosynthetic pigments resulting in a
reduction of photosynthesis; and,

•

Possible intrinsic factors such as diurnal rhythms in photosynthetic performance.

Phytoplankton and macroalgae can adapt to different light intensities through a number
of mechanisms, such as altering their reproductive rate and biochemical composition by
changing the amount or proportions of pigments or photosynthetic enzymes in the cells
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(Kennish, 1990). Darley (1982) found that phytoplankton responded to low light levels in
shaded areas by increasing pigment concentrations. Light adaptation was found in
seagrasses, including U. lactuca, where chloroplasts migrated to the cell wall exposed to
light under low intensity conditions, and moved away from high intensity light exposure
to avoid damage (Darley, 1982).
If an active transport mechanism is used for the uptake of trace elements then light can
provide the energy for this to occur, and can also provide the energy required for the
incorporation of nutrients into useful amino acids and proteins (Wang and Dei, 1999).
Cadmium uptake by algae was shown to be increased under a lengthened light period,
inhibited during a dark period (suggesting some mechanism of active transportation
requiring energy), but was found to decrease in Ulva fasciata under high-intensity light
conditions (Wang and Dei, 1999; Wille, 2004) suggesting that the extremes of exposure
have impacts.

2.6.3

Temperature

The temperature of the water medium in a marine environment is strongly linked to light.
A longer light period results in more sustained heating and a higher ambient temperature
results in a more gradual heat loss when direct heating has ceased (Darley, 1982;
Lobban and Harrison, 1997). Higher intensity light also causes increased heating, not
only of the water column but also of algae exposed at lower tidal ranges (Lobban and
Harrison, 1997). Inhibitory effects of high light intensities are more pronounced at high
temperatures and longer photoperiods (Darley, 1982).
Macro algae are generally exposed to a temperature range of about 10° to 30°Celcius,
which tends to be a narrower temperature range than the higher plants, and vary
seasonally, diurnally and with latitude (Anderson, 1994; Norton, 1997). Temperature
tolerance within algae species varies and is dependant on environmental factors, such
as light, salinity, nutrients, and pollutants (Norton, 1997).
Temperature often causes the thermal stratification of the water column (thermoclines)
which limits the movement of organisms, including green algae with gametic or sporic
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meiosis life cycles, and dissolved materials within a system (Darley, 1982; Kennish,
1990; Lobban and Harrison, 1997). Thermoclines are further influenced by both
temperature and salinity as they affect the density of seawater, possibly further reducing
the potential of mixing of nutrient-rich bottom water with nutrient-depleted surface water
(Kennish, 1990; Lobban and Harrison, 1997).
Temperature is known to influence the photosynthesis and growth of phytoplankton
(Kennish, 1990; Lobban and Harrison, 1997). There are indications of a positive
correlation between temperature and metal accumulation (Wille, 2004). Kennish (1990)
found that as long as the temperature band falls within favourable growth ranges, that in
laboratory cultures of phytoplankton the cell division rates increase with an increase in
temperature.
While it is known that an increase in temperature increases the trace element uptake in
algae, information on what effect this has on their toxicity, particularly the metals, is
limited (Megharaj et al, 2003). Some research suggests that an increase in temperature
tends to result in a subsequent increase in both cadmium toxicity and its capacity to
bioaccumulate (Phillips, 1980; Sadiq, 1992).
Increases in the uptake and toxicity of trace elements could occur through several
mechanisms, such as algae increasing metal binding molecule production under
elevated temperatures, enhancing the ability of the algae to accumulate metals; an
increase in biomass, which increases the absorption area of the plant available for
uptake; increasing energy demand; and increasing temperature is reported to cause
more severe lethal effects of cadmium (Boisson et al, 1997; Fritioff et al, 2004; Lobban
and Harrison, 1997; McLeese et al, 1987; Wille, 2004).

2.6.4

Sediments

In aquatic systems, sediments act as important accumulators of organic and inorganic
material through deposition, and act as a reservoir of these materials (Diaz, 1992;
Hoffman, 1995). The benthos live in a dynamic relationship with the sediments and one
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of their most vital roles is to drive the cycling processes for the critical biochemical
elements, such as carbon, nitrogen, phosphorus and sulfur (Diaz, 1992; Hoffman, 1995).
Unfortunately, potentially toxic material also tends to accumulate in sediments and if it
becomes bioavailable can have a detrimental impact on the biotic community (Hoffman,
1995; Kennish, 1990).
The distribution of pollutants in sediments sampled from industrialised estuaries has
been used as an indicator of past and present pollution events (Karrupiah and Gupta,
1997). It is possible for many of these elements to have a continuing effect as they
accumulate and store in the sediment and interact with the benthos, through processes
of deposition, adsorption, diffusion, ingestion, resuspension and emigration, creating a
potential reservoir of toxins (Burton, 1992; Doelman, 1995; Szefer et al, 1997; Hughes
and Poole, 1989; Locarnini and Presley, 1996; Vymazal, 1995).
Concentrations of trace metals in sediments usually exceed those of the overlying water
by several orders of magnitude. With such high concentrations, the bioavailability of
even a minute fraction of the total sediment metal assumes considerable importance,
especially in some filter-feeding and burrowing organisms (Szefer et al, 1997). Thus, a
proportionally small change in metal exchange between water and sediments may
profoundly influence total concentrations in solution, and affect that route of exposure
(Szefer et al, 1997).

2.6.5

Wind-Induced Re-Suspension of Sediments

The re-suspension of bottom sediments into the water column is a common feature of
aquatic ecosystems and is governed mainly by wind, tide and wave actions on the coast
(Kisand and Noges, 2004). The re-suspension process can have both positive and
negative impacts, increasing turbidity and reducing available light, disturbing the
bacterial habitat, interrupting their growth and reproductive patterns, while positive
effects include organic matter becoming re-activated through transport into the water
column, and the reduction of the grazing pressure due to disturbance of the grazers
(Kisand and Noges, 2004). As the upper layer of the sediment is continuously
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resuspended into the water column, bacteria in the water column may be a mixture of
both species from the sediment and/or water column (Kisand and Noges, 2004).

2.6.6

Tides and Wave Movements

Intense water movement reduces grazing and may enhance nutrient availability and
uptake, which can increase algal growth rates (Darley, 1982; Robertson and Hatcher,
1994). However, water movements on the coast and in esturine environments are
influenced by fresh water infiltration, producing osmotic stresses which can induce
biological limitations, or flush vulnerable phytoplankton out to deeper oceanic waters
(Darley, 1982; Kennish, 1990). The more intense water movements may also cause an
increase in turbidity (Kennish, 1990) which can further reduce light penetration and
possible temperature.
The morphology of algae is affected by currents and wave action, where flexibility and
elasticity is more important in dealing with water flows than mechanical strength, which
may cause the filaments to shear (Darley, 1982; Norton, 1997). In sheltered waters the
algae may have a greater surface area per unit biomass of the algae blades which is
offset by a more intense water flow across the algae carrying more nutrients in a more
turbulent location (Darley, 1982). If the water movement is too severe in a marine
ecosystem, algal communities may not have the opportunity to establish themselves
(Kennish, 1990).

2.6.7

Grazing

Macroalgae communities provide shelter for a variety of herbivorous snails, limpets, sea
urchins, and chitons, and provide them with a potential food source (Norton, 1997;
Robertson and Hatcher, 1994). Grazing is a major influence in the composition of food
webs and algae communities within marine ecosystems and can serve to stabilise
populations and prevent algal blooms (Kennish, 1990; Kent et al, 2004; Kisand and
Noges, 2004; Robertson and Hatcher, 1994). Grazers do not feed indiscriminately, but
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consume some algae in preference to others, and such selective removal may
determine which species remain to dominate the habitat (Norton, 1997).
There are suggestions that the true extent of the impacts of grazing in rocky intertidal
area is masked by other factors, such as light and nutrient limitations or wave actions
(Robertson and Hatcher, 1994). Selective grazing, mostly by gastropods, could prevent
algae communities from extending to higher shore levels, by eliminating the microscopic
stages of algae above the low-shore levels (Underwood, 1994).
This is supported by other research which found that many grazers may exert their
greatest influence by feeding on the microscopic germlings of macroalgae, eliminating
some macroalgae populations before they become visible on the shore (Norton, 1997).
Darley (1982) suggests two main categories of herbivores: the molluscs, mainly limpets
and periwinkles, which consume the mobile forms and to a lesser extent macroalgae,
and seaurchins which can decimate intertidal macroalgae communities and kelp forests.

2.6.8

Desiccation

Exposure to temperature extremes and desiccation, and the resultant dehydration, are
known to significantly increase the mortality of algae (Darley, 1982). Exposure normally
occurs through tidal movements and the time an algae community is out of the water
depends not only on tide and wave actions but also on how high it is on the shoreline
(Norton, 1997). Humidity and temperature become the other important factors in
determining the potential impacts to the algae exposed, as does the organisms maturity
(Darley, 1982). Mature thicker-bodied forms lose water more slowly than developing
organisms with a less robust, thinner structure, due to a better surface area/volume ratio
of the organism which controls the rate of water loss (Darley 1982).
Research suggests that some macroalgae need atmospheric exposure and will not grow
if continually submerged (Darley, 1982). Photosynthesis may be slightly stimulated
through mild desiccation, but the growth rate may still decrease as a result of even mild
desiccation, and repeated exposures are often more detrimental than a single, more
severe episodes (Norton, 1997).
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Some macroalgae colonies on tidal rocky substrates have facilitated the retention of
water during exposure periods. This can provide for important sheltered habitats for
other organisms such as snails, mussels, crabs, as well as other macroalgae (MolinaMontenegro et al, 2005).

2.6.9

pH

Seawater tends to be buffered at around pH 8, freshwater tends to be lower and
estuarine waters tend to fluctuate with the different inputs between the two (Sadiq,
1992). As pH decreases, the cell surface of a biomass becomes more positively charged
and there is an association with an inhibition of photosynthetic activity (Chang et al,
1997; Lodeiro et al, 2005; Wang and Dei, 1999). Biosorption between a biomass and
trace elements, particularly cadmium and the other metals, decreases with pH as it is
mainly a function of ionic attraction (Chang et al, 1997; Lodeiro et al, 2005). The reduced
photosynthetic activity can reduce the growth rate further decreasing the biomass uptake
rates (Wang and Dei, 1999).
Similarly, an increased pH acts in a two-fold manner, firstly making the cell surface more
negatively charged, and, secondly, changing the speciation of some metals, forming free
ions and increasing their bioavailability (Chang et al, 1997, Greger, 1999; Wille, 2004). In
specific regards to cadmium, research has found that an increase in pH increased the
uptake of cadmium and the concentration of cadmium in a free ion form (Sadiq, 1992;
Webster et al, 1997; Wille, 2004).

2.6.10 Salinity
Salinity can fluctuate dramatically in intertidal coastal habitats as it is subject to variable
freshwater inputs (Anderson, 1994; Darley, 1982). Macroalgae inhabiting these intertidal
zones will experience severe salinity extremes; however, research has found that
macroalgae have some capacity to regulate their internal osmotic potential (Darley,
1982).
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Generally, the toxicity of most trace metals increases with decreasing salinity (Megharaj
et al, 2003). As salinity increases cadmium becomes less toxic and the concentration of
cadmium ions in solution decreases, reducing bioavailability of the free ion (McLeese et
al, 1987; Phillips, 1994; Sadiq, 1992; Wille, 2004).
Wang and Dei (1999) found cadmium speciation to be heavily influenced by salinity, with
a decrease inducing a four-fold increase in cadmium free ion concentration, but
speciation of selenium was found to be less affected by salinity. The research of Bai
(2005) found similarities as higher uptake rates of cadmium in U. lactuca were observed
during the first 24 hours when the salinity was lowered and the salinity was not observed
to have affected the selenium uptake rate.
Metal uptake in U. lactuca was greatly dependant on the salinity of the water column, as
there was found to be a consistent increase in its uptake rates for all metals when the
salinity decreased (Wang and Dei, 1999). This influence is replicated in bacterial
communities, where the freshwater species are more susceptible to cadmium toxicity
with salinity increases but, again, this is probably due to the cadmium form rather than
any inherent biological factors (Vymazal, 1995; Sadiq, 1992).

2.6.11 Nutrients
Nutrients are an important regulating influence for both algae and bacteria and are
necessary for biomass growth and reproduction (Haglund and Hillebrand, 2005; Hatcher,
1994; Kennish, 1990). The major macronutrients required for algal growth and
reproduction include nitrogen, phosphorus, and silicon (Kennish, 1990). Carbon, oxygen,
magnesium, potassium, and calcium are also essential for growth but tend to be
relatively abundant to what is required by the organisms (Kennish, 1990). Some trace
elements may be limiting if they are not available in sufficient quantities, including iron,
manganese, zinc, copper, cobalt, and molybdenum, and at elevated concentrations
some trace elements may exert a toxic effect (Kennish, 1990; Vymazal, 1995).
The growth rate and production of algae is generally determined by the nutrient which is
in shortest supply provided that other trace elements are not at concentrations that reach
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toxic levels (Kennish, 1990). In coastal waters, nitrogen is generally found to be the
limiting nutrient (Kennish, 1990), which can result in lower growth rates, decreased
content of nitrogen, decreased chlorophyll content, and lower rates of photosynthesis
(Darley, 1982). An excess of the major nutrients may cause algal blooms that can result
in harmful organic toxins being released (Yu and Wang, 2003).
Nutrients can heavily influence the uptake of trace metals in macroalgae, mainly through
cationic and anionic interactions, as the available nutrient forms tend to positively
charged, similar to the trace metals, and therefore compete with other cations at cell
surface uptake sites (Greger, 1999; Lee and Wang, 2001; Wille, 2004). Thus, the toxicity
of cationic trace metals may be reduced where nutrients are available in high
concentrations, although this influence is highly metal specific (Lee and Wang, 2001;
Lobban and Harrison, 1997; Wille, 2004). Trace elements can also be influenced
indirectly by a nutrient increase which causes a subsequent increase in macroalgae
uptake increase through promoting the growth rate (Lee and Wang, 2001).
Generally it has been found that nitrate enrichment results in an increased cadmium
uptake in algae, whereas an increase in phosphate concentration decreases selenium
concentration (Lee and Wang, 2001; Yu and Wang, 2003). Nitrogen addition does not
appear to significantly impact on the uptake rate of selenium and zinc (Bai, 2005; Wang
and Dei, 2001a). Wille’s (2004) results supported these findings and found that cadmium
uptake in U. lactuca was increased with a corresponding increase of nitrate in solution,
whereas selenium uptake was not affected.
While elevated nutrient concentrations can increase trace metal uptake in algae through
enhancing growth rates, U. lactuca is not significantly limited by phosphate presence
and so appears to be independent of this influence (Lee and Wang, 2001; Wille, 2004;
Yu and Wang, 2003). An inverse relationship has been found between phosphate and
selenium uptake, where an increasing phosphate concentration reduces selenium
uptake in algae (Wille, 2004; Yu and Wang, 2003). Phosphate enrichment did not affect
cadmium uptake (Wille, 2004) but was found to not only limit selenium uptake but also
reduce the transfer from algae to grazing zooplankton (Yu and Wang, 2003).
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Algae fulfil many of the desired criteria for biomonitoring and studying marine
ecosystems (Phillips, 1980; Rhee, 1989; Wang and Dei, 1999). As primary producers,
algae serve as the initial step in the food chain and tend to reflect the actual bioavailable
component of an element in the water column (Phillips, 1980; Rhee, 1989).
Coastal biomonitoring has traditionally used animal organisms, such as mussels, which
are often filter feeders but do not tend to be as sensitive as algae to coastal
contamination (Wang and Dei, 1999). Furthermore, algae are abundant in coastal and
estuarine systems and can be relatively easily collected for use and analysis (Wang and
Dei, 1999).
Previous research has suggested some limitations in the use of algae as a biomonitor.
Wang and Dei (1999) noted that some algae appeared to regulate cadmium uptake, one
of the trace elements under examination in this study, maintaining a lower uptake rate
even when the concentration of cadmium was increased. This feature, however, seemed
to occur mainly at very high dissolved aquatic concentrations and therefore should not
unduly influence this study. Wang and Dei (1999) also found that algae had an excellent
retention rate for cadmium, whereas they excreted both selenium (also used in this
study) and zinc quite readily. Another limitation was seen as the dependence of the
algae growth rate on numerous external conditions, such as tissue age, season, degree
of exposure to air, salinity, nutrients, and temperature, which can potentially influence
the metal uptake (Phillips, 1990; Wang and Dei, 1999).
The green algae, which include U. lactuca, have some of the largest numbers and
greatest diversity of algal species and can be found in a wide range of habitats, including
the extreme habitats such as snow or salt lakes (Darley, 1982; Lewin and Borowitsha,
2001). Excluding the stoneworts, the larger green algae body types tend to be marine
and many, such as U. lactuca, have haploid and diploid free-living stages which can
often be extensively grazed upon (Darley, 1982; Lewin and Borowitsha, 2001).
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The choice of U. lactuca, the algae used in this experiment, is due to its good
characteristics as a biomonitor, as it is robust and able to cope with being moved and
handled (Darley, 1982; Rainbow, 1995). It is found throughout the photic (light) zone of
water, although its location can be dependent on other factors, such as the availability of
nutrients, light and turbidity, salinity (in more estuarine environments), and type of
substratum (Kennish, 1990; Tortora et al, 1986). As U. lactuca normally attaches to a
stable substrate, it tends to be abundant on rocky shores or on man-made structures
such as breakwaters, seawalls, pilings, and the like (Darley, 1982). The organisms are
numerous, sessile, and readily visible during lower tides (Underwood, 1994).

2.7.2

Bacterial Strain and Cultivation

Natural environments contain a great diversity of micro-organisms with different roles
and niches, which makes accurate counting of their populations difficult and leads to
necessary compromises in the methodology used (Fry 1988). When culturing and
counting bacterial populations, ideally, their enumeration should include all the
organisms present and allow the differentiation of viable and non-viable cells (Herbert,
1990). However, this is often not achievable as the traditional method of enumerating
living bacteria relies on their capacity to grow in culture media using conventional
culture-dependent methods (Bianchi and Giuliano, 1996; Herbert, 1990; Pacheco et al,
2003).
In terms of marine bacteria only a small fraction can be cultivated by current
methodologies, which are invariably time-consuming and may underestimate the total
number of viable/active bacteria by 2 to 3 orders of magnitude for seawater samples
(Allen et al, 2004; Bianchi and Giuliano, 1996; Marshall et al, 2006; Pacheco et al,
2003). Tso and Taghon (1997) indicated that total bacterial counts are usually tenfold
greater than viable plate counts. This occurs because the bacterial cells are in the viable
but non-cultivable physiological state resulting from several factors, such as
environmental stresses, physiological adaptations or of the difficulty in setting up nonselective culture media (Allen et al, 2004; Bianchi and Giuliano, 1996; Pacheco et al,
2003).
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There are two main methods used to determine microbial population size, direct and
indirect counting (Herbert, 1990). Direct counting methods involve counting the microorganisms present, either as a total or further subdivided, such as by type, like bacteria,
fungi, algae, or by those which are viable or not (Herbert, 1990). This methodology has
the advantage of keeping the observers involved with the organisms and process as
they must directly view them during the research (Fry 1988).
The alternative method, indirect enumeration, relies on the presence of a specific
chemical component, with a known and constant ratio to cell biomass, that is only
present in the living cells and which is rapidly degraded upon death of the organism (Fry
1988; Herbert, 1990). The ratio should be independent of growth rates and the
organism’s physiological state, so the relative amount of the chemical used for counting
remains constant across both growing and starving populations (Fry, 1988). The
advantage of this methodology is that any bias through selectivity is eliminated as the
personnel do not rely on visual inspection (Fry 1988).
Within this subset of two main methods, there are three dominant direct counting
techniques used: membrane filtration, pour-plate and spread plate, none of which give
rapid results (Allen et al, 2004; Herbert, 1990). When water is sampled from a natural
source the sample would contain a variety of bacterial types that reflected naturally
occurring mixed communities in differing stages of activity, from dormancy to heightened
metabolic levels (Schneider and Rheinheimer, 1988). When using plate count
techniques, the incubating medium becomes selective for the growth and genera of the
bacteria with only a small percentage able to grow, for example, on agar plates (DiazRavina et al, 1994). As there is no broad spectrum growth medium that is selective for all
bacteria the choice of medium composition becomes a necessary limitation but must be
kept constant across the study to enable comparison of the results (Allen et al, 2004).
The direct counting methods noted above are not able to give real-time bacterial counts
as they are time consuming and require additional resources and laboratory space. To
obtain real-time bacterial enumeration a rapid count method must be used which tend
not to be as well developed as those for direct counting or for bacterial detection,
identification, and classification, particularly for key pathogenic microorganisms (Flint et
al, 2006). In their studies Broadaway et al (2003), Girotti et al (2008) and Wu et al (2001)
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emphasised the need for sensitive, rapid, reproducible and cost-effective detection
methods for determining total bacterial cell numbers in water for toxicity screening and
assessment.
There are several rapid enumeration methods that can be separated into direct and
indirect methods. Direct systems, such as flow cytometry, are faster than most indirect
systems as they do not rely on the detection of metabolites produced by the growth of
microorganisms. Accurately defining a quantitative relationship between metabolite
production and colony-forming units is difficult in indirect processes because species
have different growth rates and diversities amongst sampled communities (Flint et al,
2006).
Flow cytometry instruments, which analyse fluid-borne particles as they pass through a
beam of light, are used to count and group particles according to size and shape and a
review of the literature indicate that it appears to be a common and popular direct count
method. The key advantage is the speed and accuracy at which particles can be
enumerated and although cells can be counted at lower concentrations than that
required by epifluorescent microscopy, cell numbers must still be greater than 100
bacteria per millilitre to obtain reliable counts in a short time (Broadaway et al, 2003;
Flint et al, 2006).
Flow cytometry cannot differentiate between different types of bacteria, although the
methods are being developed to do this, and many of the instruments are not designed
for the enumeration of a large number of samples on a routine basis or for easy
interpretation of results (Flint et al, 2006). Additionally, the presence of autofluorescent
particles and debris stained by nonspecific binding of the fluorescent dye will cause
erroneous results, limiting the use of flow cytometry in evaluating environmental samples
(Broadaway et al, 2003). Depending on the growth conditions bacteria can vary in their
size, shape, and DNA content and differentiating viable cells from non-viable cells
requires specific stains which may be removed in some species with efficient efflux
pumps (Flint et al, 2006).
There are a few more commonly used indirect enumeration methods identified from the
literature. Different staining techniques are available for the microscopic identification of
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bacteria in environmental samples (Pernthaler eta la, 2002). As it can be difficult to
accurately enumerate bacteria using traditional plate counts, several techniques have
been established, including direct microscopy in conjunction with various stain methods
such as DNA staining and fluorochrome (acid-fast) (Pacheco et al, 2003). Staining
methodology requires some cultivation of the sample prior to analysis yet provides high
specificity for the detection of individual bacterial strains in environmental samples
(Pernthaler eta la, 2002).
Many marine microorganisms are bioluminescent (capable of emitting light) which
introduces the capacity for luminometry techniques to be used for quick estimation of the
size of viable bacterial populations both in monocultures and in mixed cultures of the
bioluminescent test organism with nonbioluminescent competitor(s) (Farkas et al, 2002;
Girotti et al, 2008). As the bioluminescent process in these organisms depends upon
functional electron transport, only living cells can produce light and sublethally injured
cells produce less than maximal light (Farkas et al, 2002). Light emission typically
reached a peak just before the stationary phase and dropped significantly at the
commencement of the stationary phase (Farkas et al, 2002).
To obtain reliable data when using bioluminescent techniques the organisms need to be
stable and uniform in character and metabolism, which makes cultivated bacteria a good
source (Girotti et al, 2008). The growth medium and culturing conditions also need to be
carefully managed to optimise the light conditions for emission (Girotti et al, 2008).
Bioluminescent studies can be used for both short- and long-term investigations and can
also examine changes in viability or growth rate in the organisms. When compared to
those of other bioassays their sensitivity is usually sufficient to reveal any compound
toxic to humans and other mammals (Farkas et al, 2002; Girotti et al, 2008).
Epifluorescence microscopy uses dyes that bind to nucleic acids so as to enable a rapid
estimation of total cell numbers in water samples and the evaluation of physiological
states, metabolic activities, and gene expression (Broadaway et al, 2003; Pacheco et al,
2003). The optical counting methods are strongly dependent on the type of
microorganism and the metabolic states of the cells and for accuracy there must be at
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least 105 cells evenly distributed on the filter (Broadaway et al, 200; Pacheco et al,
2003).
Fluorescence in situ hybridisation (FISH) is increasingly popular and may also be more
reliable in characterising the community structure and abundances of different bacterial
groups in marine pelagic and sediment microbial communities than other indirect
methods (Gillan et al, 2005; Pernthaler eta la, 2002). It does have a limitation in
accurately detecting microbial communities in deeper water layers and during winter
(Pernthaler eta la, 2002).

2.7.3

Bacteria: Laboratory Culture vs Natural Communities

When researching the behaviour of organisms in the environment, every attempt should
be made to ensure that the conditions are as similar as possible to those existing in the
natural environment (Jonas et al, 1984). Whilst using pure cultures can develop the
understanding of how they function in natural environments they may also lead to false
assumptions from extrapolating the data to a different situation or erroneous conclusions
(Barkay, 1987).
Laboratory organisms may not respond in the same way as natural communities when,
for example, they are exposed to toxic metal concentrations (Jonas et al, 1984). The
effective concentration of the toxicant may be a function of the community composition,
organic carbon concentration, salinity, pH, and other variables (Jonas et al, 1984). While
the use of a pure culture in research does offer the certainty of knowledge about that
organism and control of its cultivation there are other variables that must be accounted
for. Marshall et al (2006), in a study examining how bacteria may stimulate morphology
and growth changes in the macroalgae Ulva, found that from a total of 38 isolates only 6
caused a statistically significant effect on plant growth. This would lead to the question
when undertaking research where the relationship between Ulva and bacteria were
crucial, if a pure culture from a laboratory was used would it be one of the species that
did stimulate an effect in the natural environment. Questions would remain about the
culture’s presence or predominance in the natural bacterial community.
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Wu et al (2001) estimated that less than 1% of microorganisms have been cultivated
which makes the characterisation and detection of microbial populations in natural
environments difficult. There is also a large difference between microbes that can be
cultured and those that are actually present in many different habitats and environmental
gradients (Cassler et al, 2008). To improve the methods for analysing microbial
communities there is a need to develop rapid, simple, reliable, quantitative, and costeffective tools that can be operated in real-time and in heterogeneous field-scale
environments (Girotti et al, 2008; Wu et al, 2001).
As an alternative to using laboratory cultures, natural communities can be sampled and
then tested under laboratory conditions. A serious problem with this method is that the
toxicity tests are conducted under conditions bearing little relationship to the habitat from
which the organisms were originally isolated (Jonas et al, 1984). However, the
experimental media then become selective for the bacteria species (Diaz-Ravina et al,
1994) which may significantly change the diversity and character of the bacterial
community.
The artificial laboratory conditions used for the investigation may not only bear little in
common with the natural environment of the source organisms they may be unable to
provide the organisms the opportunity to behave in their normal manner, preventing a
natural heterogenous pattern of occurance (Long and Azam, 2001). A change in the
inputs and nutrient composition may have an indeterminate effect on bacterial
abundance, possibly limiting the microbial community that can be cultured under the
chosen nutrient conditions (Jonas et al, 1984). Bacterial abundance and richness are
also variable at the millimeter scale, and the variability increases in response to
increases in the concentration of particulate organic matter in seawater (Long and Azam,
2001).
The choice in research means a compromise of sorts as using both pure cultures and
natural communities have areas of concern that need to be managed in an experimental
process. When examining natural communities it is important that they are sampled and
cultivated to be representative of those species found naturally, culturing the largest
portion (Jonas et al, 1984). Metian et al (2008) describe the need to conduct field studies
to confirm laboratory results for algal behaviour in regards to bioaccumulation. One of
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the limitations in laboratory studies is that they invariably represent a specific isolated
microenvironment whereas the natural environment contains a broad spectrum of
interconnected microenvironments (van Hullebusch et al, 2005).

2.7.4

Bacterial Enumeration

As discussed in Section 2.7.2 Bacterial Strain and Cultivation and highlighted in several
studies (Broadaway et al, 2003; Girotti et al, 2008; Wu et al, 2001) the traditional plate
count method for enumerating bacteria is both resource intensive and time consuming,
requiring significant periods to develop accurate counts and a considerable degree of
skill (Tada et al, 2001). For this study to be effective in testing metal uptake modelled on
a flow regime a real-time approximation of bacterial counts was needed.
Following discussions with Nicola Rogers (CSIRO, personal communication, 2006), the
subsequent methodology was developed to obtain real-time measurements for bacterial
concentrations in the experimental solution, based upon resources available, limitations
of materials and aims of the study. Seawater from the Coledale Headlands site where
the algae were collected would be used as the base solution to create the bacterial
culture to try and maintain as similar community representation as practicable (Jonas et
al, 1984).
The samples collected would contain a variety of bacterial types that reflect naturally
occurring mixed communities in differing stages of activity, from dormancy to heightened
metabolic levels (Schneider and Rheinheimer, 1988). To best facilitate the culturing of
the bacterial species found in the natural seawater samples, the inoculant broth should
be enriched in a growth medium that shares its character. It was identified that filtering
the seawater to at least 0.3 microns would be an effective sterilisation process
(Schneider and Rheinheimer, 1988) and proteins and carbon were needed for growth of
the bacteria (Krieg, 1981; N. Rogers, CSIRO, personal communication, 2006).
Agitation of the bacterial culture improves the growth capacity of the culture and
prevents the potential for anoxia within experimental flasks (Costilow, 1981; VazquezDomınguez et al, 2005). Vazquez-Domınguez et al (2005) used a similar culture medium
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based on filtered seawater supplemented with nutrients and carbon when examining
bacterial grazing. The base of seawater, proteins and a carbon source would need to be
maintained for creating the agar for any heterotrophic plate counts during the
experimental process, to encourage a consistent bacterial community.
Optical density has been used to determine bacterial concentrations in solution (Pronk et
al, 2006; Tada et al, 2001; Zimmermann and Raebiger, 2006). Pronk et al (2006)
suggest that organic content may be a better measure for bacteria than turbidity,
however, it was not suitable for this study as there were two organic sources, bacteria
and algae, within the experiment and no procedure to distinguish between the organic
material of each.
In their investigations Tada et al (2001) used both the viable plate count method and
optical density to measure bacterial communities and their response to heavy metals.
The results were consistent between the two methods and showed the same sensitivity
to be considered to be of practical use (Tada et al, 2001). The advantages of using the
optical density process was to significantly reduce the time required and also to reduce
the equipment and materials needed for the measurements (Tada et al, 2001).

2.7.5

Pulse Amplitude Modulation (PAM)

Pulse amplitude modulation (PAM) fluorometry is a sensitive, non-intrusive technique for
determining the photosynthetic efficiency of plants (Macinnis-Ng and Ralph, 2002).
Similar to the previous experiments of Bai (2005) and Wille (2004), it was anticipated
that the algal disks would be measured with PAM after sampling from the experimental
media, however, the equipment was not available for this study.

2.8

Summary

There have been few studies specifically looking at algal/bacterial-metal interactions.
Work that has been done in this area tends to concentrate on toxicity effects and
impacts or its use as tools, such as bioremediators or biomonitors. The environments
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that these algal, bacterial and metal interactions occur in are dynamic and susceptible to
continuing human activities that release increased concentrations of trace elements.
Pollution exposures can result in a range of effects from lethal impacts to sublethal
influences that modify biological communities, reducing species diversity or limiting
community sizes and compositions, to biomagnifying toxins up the food chains to impact
on higher trophic organisms and acting as a biological exposure path. This can lead to
an overall degradation of the health of the trophic structure.
Of the two biological components, algae and bacteria, the algae, particularly U. lactuca
as used in this study, serve as good biomonitors. This makes them suitable for
experimental use in measuring uptake of trace elements, as they adsorb them directly
from solution. Algae and bacteria share a complex relationship that remains heavily
influenced by external variables, such as environmental influences (pH, turbidity, light,
temperature and salinity) and trace element exposures, either as nutrients or toxins.
Trace elements accumulate in sediments and soils creating reservoirs, and are not only
taken up by algae and bacteria but are also transformed by organisms through various
biochemical cycles. Where bacteria and algae have different roles and functions, trace
elements also have different behaviours in an ecological context. This is apparent in the
two trace elements used in this study, cadmium and selenium. They behave significantly
differently, cadmium having no biological role and its effects restricted to the toxic, while
selenium acts as both a nutrient at modest concentrations and as a toxin at higher
concentrations.

61

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

3

Curtis Gregory

Materials and Methods

This chapter describes the sampling procedures, experimental preparation and
conditions and outlines the experimental designs used in this study. The experimental
component of the research was undertaken in several stages. The first stage (Stage 1 –
Preliminary Experiment) consisted of a preliminary study to test some of the techniques
to be used in the investigation and to upgrade some laboratory skills. The second stage
(Stage 2 – Bacterial Enumeration) consisted of an experimental process to enumerate
the bacterial community to be used as the inoculant in the following experimental stage
(Stage 3). The final stage (Stage 3 – Main Experiment) of the project was the main
experimental component of testing the Thesis Question and Objectives (Sections 1.3
and 1.4). This was a two part stage where the initial experiment was run and then
followed by a repeat experimental run with modifications as described in the Stage 3
Section.

3.1

General Preparation

3.1.1

Preparing the Flasks

Several pieces of experimental equipment common to all the experimental stages had to
be prepared. Erlenmeyer flasks were collected, cleaned and acid washed (10% HCl).
After air-drying, they were rinsed with Milli-Q water and then air-dried in a clean
laboratory. The flasks were then treated with Coatasil to minimise adsorption of
experimental components, particularly metal cations which readily adsorb to glass
surfaces (Hughes and Poole, 1989) and stored in clean laboratory with a filtered
controlled airflow until use in the experiment.
In between stages and experimental steps, the flasks were re-treated using the above
process as needed. The flasks were not sterile.
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Field Sampling – Algae Collection

The coastal area of the Illawarra was assessed for populations of the algae, U. lactuca,
which was to be used in the study. The Coledale Headlands rock-shelf was chosen as
the most suitable site as it had the most abundant supply of U. lactuca identified in the
region. The prominent shelf enabled ease of sampling at low tides. Coupled with this, the
previous related studies (Bai 2005; Wille, 2004) had also sourced algae samples from
this site. The algae samples were collected by hand at low-tide. Fresh disposable gloves
were worn to collect the algae, which were picked off the rocks from the base of their
stem, rinsed with seawater from the site, and placed directly into a large container filled
with sea-water from the site. The algae were generally immature, sparsely populated
and appeared to be regenerating their colonies. The leafy component was quite short
and incomplete.
Once collection was complete, the container was taken immediately back to the ANSTO
laboratories and the algae transferred to an aquarium filled with filtered seawater (0.5
µm) kept on-site. The aquarium was supplied with a constant air supply and the algae
allowed to acclimatise to the controlled laboratory conditions under diffuse ambient light
conditions.
Prior to the repeat of the final stage of the main experiment the older algae samples
were disposed of, the equipment cleaned and the water replaced and fresh algae was
collected from the Coledale Headlands location. While still somewhat immature and in
the process of redeveloping communities, the algae collected from the Coledale
Headlands site on the second occasion were much more abundant and more robust in
size and maturity, allowing a better sampling of the leafy material. Visual inspection was
used to collect algae samples that had sufficient leafy material and of a similar size and
development.

3.1.3

Bacteria

The bacterial samples were cultured from seawater obtained at Coledale, the site where
the algae samples were collected. Sterile sample jars were used to obtain the water and
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they were transported it to the laboratory in eskies and the water samples were used
immediately.

3.1.4

Bacterial Strain and Cultivation

The growth medium for the plates in this study used the same nutrient profile as the
culture broth, which is the addition of yeast and peptone, along with agar, to saltwater
volume.
Spread plate method (Herbert, 1990)
•

Molten agar medium (at least 45°C; sterilised through autoclaving) was poured
into a series of sterile Petri dishes and allowed to gel.

•

The plates were allowed to cool and dry to avoid spreading of the colonies over
the agar surface prior to use.

•

Serial tenfold dilutions of the original sample were prepared.

•

0.1 µL volumes from each dilution, starting with the highest, were pipetted onto
the agar surface, using three plates for each dilution.

•

Using a glass spreader, sterilised by ethanol flaming, the sample was then
spread over the surface of the plate.

•

The plates were then incubated for a set period of time and the number of
colonies which develop are counted.

The cooling and drying of the agar plates avoids the common problem of water
condensation that Petri dishes often suffer from, which may cause any bacterial colonies
to mix resulting in a continuous layer, rather than distinct isolated colonies (Schneider
and Rheinheimer, 1988). The preparation of the agar plates and the application of the
bacterial samples were done in a laminar flow cabinet that had been cleaned with an
alcohol solution to minimise the risk of contamination.
In this study, bacterial samples were cultured onto prepared agar plates and cultured in
a light cabinet (at 27°C) for 48 hours. Counting the bacterial colonies was completed
through visual inspection and a hand counter, marking off the counted colonies with an
indelible marker on the underside of the dish. This method was a direct count process; to

64

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

enumerate the bacterial treatment solution (as described in Stage 2 Bacterial
Enumeration, Section 3.2.2) this method was used in conjunction with an optical density
reading which constituted an indirect counting process.
The temperature of 27°C for the experiment falls within the higher end of a temperature
gradient for bacterial growth (Costilow, 1981) although it is higher than the average for
Illawarra coastal waters. Costilow (1981) recommends culturing bacteria below optimum
temperatures to avoid the bacteria dying rapidly at a little above optimum temperature.

3.1.5

Nutrient Solution

The nutrient solutions (nitrogen and phosphorus for this study) were prepared in acidwashed flasks. The solutions were used to provide adequate nutrients for growth of the
algal discs during the experimental stages.
The solutions were prepared as follows:
A nitrate solution (in the form of potassium nitrate KNO3, 101.11 g/L) was made at a
concentration of 5 mmol/L (adding 0.6319 g to 250 mL Milli-Q water).
A phosphate solution (in the form of potassium dihydrogen orthophosphate KH2PO4,
136.09 g/L) was made at 1 mmol/L (adding 0.1701 g to 250 mL Milli-Q water).
These were the concentrations of nutrients that Wille (2004) found to be appropriate for
preparing reaction/growth experiment conditions in a previous study.

3.1.6

Radioactive Isotopes

Radioisotopes were used to evaluate the extent and rate of accumulation of sub-lethal
concentrations of Cd and Se by U. lactuca in these experiments. Fresh isotope solutions
were prepared for each experimental stage. The solutions consisted of radioactive
isotopes of cadmium and selenium; the stable forms of these elements were not used in
conjunction. The radiotracers Cd-109 and Se-75 were exclusively used at concentrations
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of 45 kBq/L (Cd-109) and 35 kBq/L (Se-75) in the experimental flasks, consistent with
the previous experiments by both Wille (2004) and Bai (2005).
Solutions of samples comprising a known range of activities in similar geometry to the
experimental samples were used to generate the required gamma spectrometry
counting efficiency calibration curve for the experimental samples (Wille, 2004). These
known samples that were used for calibration served as a radiochemical detector blanks
in the process as the isotopes used were artificial and therefore there was no naturally
occurring background level in the environment.
Prior to measurement gamma counting the algal sample discs were rinsed with nonradioactive Milli-Q water and lightly rubbed with a fresh cottontip to remove surface
particles that may contain adsorped radioisotopes. The samples were counted for 3
minutes.

3.2

General experimental approach

3.2.1

Stage 1 – Preliminary Experiment

The Preliminary Experiment served two main purposes; firstly, to refresh laboratory skills
and practice and refine them prior to the Stage 3: Main Experiment; and, secondly, to
evaluate some of the methods to determine their suitability.
Three sample flasks were set up prior to starting the Preliminary Experiment to test the
possibility of culturing a bacterial broth from the seawater stock kept on-site. The three
flasks contained a different combination of components, the first flask contained
unfiltered seawater, the second contained filtered seawater (0.5 µm) and the final flask
contained filtered seawater with a disc of algae placed inside. The algal disc had been
lightly rinsed in filtered seawater and cleaned with a cotton-tip to remove detritus. These
flasks were then incubated in a light cabinet at 27°C for one week. While 27°C falls into
the upper range of the temperature gradient for bacterial growth the light cabinet was
being used for several other temperature sensitive investigations which limited the
temperature range available.
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The flasks were not capped when they were placed in the light cabinet and after a week
most of the water had evaporated from the flasks. The remaining fluid from the flask with
the largest volume of fluid was used as the bacterial source, which was the flask that
had originally contained the unfiltered seawater. Time constraints prevented this aspect
of the experiment being repeated, as the main purpose of the Stage 1 work was to
identify methodology issues and correct for them in subsequent experimental designs.
Moving onto the main experimental process was of greater priority due to the limited
laboratory and resource availability. At the end of this portion, the flasks were autoclaved
for sterilisation and then treated as per Preparing the Flasks (Section 3.1.2).
Once the bacterial broth had been isolated, the various experimental components for the
Preliminary Experiment were set up, using five freshly treated Erlenmeyer flasks, as
follows:
•

200 mL seawater sequentially filtered (0.45 microns to 0.2 micron filtration, nonheat sterilisation) to effectively sterilise it, which would act as the water medium.
Filtered seawater was used to reflect the marine medium that the algae and
bacteria were sourced from. Schneider and Rheinheimer (1988) listed three
methods to sterilise glassware and media as: wet heat (autoclaving at 115-121°C
for up to 30 minutes), dry heat (heating to 160°C/2 hours or 180oC/30 min), and
filtration (membrane filters of approximately 0.3 micron pore size);

•

The algal component consisted of 3 x 20 mm discs of U. lactuca, which would be
measured for trace element uptake;

•

1.0 mL of both the nutrient solutions (nitrogen and phosphorus) were to provide
nutrients for growth for the algae;

•

0.833 mL isotope solution to achieve the respective 45 and 35 kBq/L activities for
109

Cd and 75Se, which would perform as radiotracers and would be measured for

uptake in the algae;
•

20 mL of the bacterial solution in concentrations outlined below, which serve as
the variant factor. The different concentrations of bacteria would enable the main
question of the thesis to be tested.

To maintain continuity with the previous studies by Bai (2005) and Wille (2004) the algal
disks were cut to a standard size for the experiment and then weighed both wet and dry
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for statistical analysis to determine growth and standardised sizes. Metian and Warnau
(2008) also utilised standardised algae samples for experiment by using an average
weight of the sample.
Bacterial Concentrations - a blank flask of unfiltered seawater was used, without algae
or bacterial solution being added, purely for the purpose of measuring bacterial activity.
The first flask in the experiment had undiluted bacterial solution added, with each flask
thereafter having a bacterial solution added diluted by a further factor of 10, e.g.;
•

Flask 1 undiluted bacterial solution

•

Flask 2 diluted 10 -1

•

Flask 3 diluted 10 -2

•

Flask 4 diluted 10 -3

•

Flask 5 diluted 10 -4

For bacterial counting, agar plates were prepared comprising 50 mm Petri dishes
containing approximately 10 mL of media made using 0.3 g yeast, 0.3 g peptone, 6 g
Agar, 225 mL filtered seawater and 75 mL Milli-Q (Krieg, 1981; N. Rogers, CSIRO,
personal communication, 2006). For plate counts, 10 µL was applied by sterile pipette to
the agar plates and spread using a sterile glass applicator. The plates were incubated in
a temperature controlled light cabinet at 27°C for at least 48 hours.
Sampling was undertaken every second day, except for the final period which was
bridged by the weekend and resulted in a three day sampling period. The following were
sampled:
•

1 Algae disc
o

Wet weight

•

1 µL solution for the bacterial count

•

5 mL solution isotope sample for the gamma spectrometer
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The experimental process is outlined in Tables 3.1 and 3.2:

Table 3.1 Stage 1: Experimental Setup
Treatment

Day 1 – Setup
Nutrients
Nitrate

Active Metals Conc.

Filtered seawater/

(kBq/L)

Number of Algal

Phosphate

Discs

Blank
Flask 1

200 mL/ 0 discs
2.5µM

0.5µM

75-Se 35kBq/L

2.5µM

0.5µM

75-Se 35kBq/L

10

2.5µM

0.5µM

75-Se 35kBq/L

2.5µM

0.5µM

75-Se 35kBq/L

2.5µM

0.5µM

75-Se 35kBq/L

-2

10

-3

10

-4

10

-5

200 mL/3 discs

109-Cd 45kBq/L
Flask 5

10
200 mL/3 discs

109-Cd 45kBq/L
Flask 4

-1

200 mL/3 discs

109-Cd 45kBq/L
Flask 3

0

200 mL/3 discs

109-Cd 45kBq/L
Flask 2

Bacterial Conc.

200 mL/3 discs

109-Cd 45kBq/L

Table 3.2 Stage 1: Sampling
Treatment

Day 3 – Sampling

Day 5 - Sampling

Day 8 - Sampling

Blank

1 µL water

1 µL water

1 µL water

Flask 1

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

Flask 2

Flask 3

Flask 4

Flask 5
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Stage 2 - Bacterial Enumeration

This stage was developed as a method of measuring bacterial concentrations in solution
in real time for the Stage 3 – Main Experiment, as discussed in Section 3.2.3. Stage 1
operated under a stagnant flow model which did not require real time measurements of
bacteria.
Glass sample jars sterilised by autoclaving were used to collect samples of natural
seawater from the Coledale Headlands site where the algae were collected, after the
Stage 1 Preliminary Experiment was complete. These samples were immediately
transferred to the ANSTO Laboratories in eskies. Sterile containers were prepared,
containing 100 mL of the seawater to which had been added 0.3 g yeast and 0.3 g
peptone to mirror the components (apart from agar) used to prepare heterotrophic plates
counts during the experimental process.
Growth of the bacterial communities was facilitated by placing the containers in an
Orbital Shaker Incubator set at 30°C and 1.7 x 100 oscillations per minute (opm). At
least three fresh bacterial solution containers were prepared and incubated every
sampling day and each container was sampled for Optical Density (OD) and bacterial
plate count several times a day at regular intervals (as per Table 3.3). Agitation of the
bacterial culture, in this instance by the Orbital Shaker, improves the growth capacity of
the culture (Costilow, 1981). The light penetrating to the inside of the Orbital Shaker
could be characterised as diffused ambient light of low intensity.

Table 3.3 Bacterial Enumeration Sampling Periods
Date

Wed.

Fri.

Mon.

Wed.

Fri.

1/3

3/3

6/3

8/3

10/3

SS1

Setup

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

SS2

Setup

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

10 12 2

4

Setup

10 12 2

4

2 = 2 pm

4 = 4 pm

Treatment

Setup

SS3

Setup

SS4
SS5
SS=

Times of

10 = 10am

12 = 12 pm
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sampling

Solution

The OD and bacterial plate counts were recorded for each of the samples. By
enumerating the bacterial concentration and plotting it against the OD, an indication of a
real-time measurement was developed. The containers were each sampled for at least
10 days to enable plotting of a growth phase, a stationary phase and a death phase, if
such occurred (N. Rogers, CSIRO, personal communication, 2005; Tortora et al, 1986).
The 10 days of measurement equated to the anticipated period for the main
experiments. This process involved using a direct bacterial count method (spread plate)
with an indirect count method (optical density).
The bacterial stock samples were enumerated, by means of heterotrophic plate counts
measured in conjunction with OD readings until the Stationary Phase of the community
was reached. Given that the initial bacterial component of the seawater was unknown,
both in number and community composition; it was not known at what bacterial
concentration the Stationary Phase would be reached.
If the bacterial concentration measured was suitable (approx. 109 – 1015 colony forming
units (cfu) at the Stationary Phase), then this would be used as the basis for the
inoculant in the Main Experiment. Cultured concentrations at these levels would enable
the solution to be diluted down to the required concentrations for the Main Experiments,
producing High, Medium and Low concentrations (see Section 3.2.3).

3.2.3

Stage 3 – Main Experiment

A direct benefit of this stage was that a more efficient work-flow design was developed
particularly for the sampling process, which was utilised extensively in the main
experiment. This involved identifying key control points in the process and timemanaging them to ensure that the work flowed and was not reliant on time-critical
components. For example, the autoclaving to sterilise material components and agar
solution required several hours for both the process and cooling, and so was introduced
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at an early stage. Similarly, the agar plates were poured as early as possible so they
would be cooled and suitable for use when the bacterial samples were ready to be
plated later in the day.
In addition to these timing issues being identified through this stage, materials and
resource issues were identified, such as how much equipment and of what type would
be required. This was an important aspect as the bacterial component had not been
included in the previous studies (Bai, 2005; Wille, 2004) and added a substantial burden
to the materials required.

3.2.4

Experimental Design

An experimental design must be of sufficient sensitivity to test the research question and
meet the study objectives. There are three basic ways to create sensitivity or power in a
study: by using larger sample numbers, by reducing experimental variables and by
choosing treatments that will lend themselves towards significantly measurable effects
(Keppel, 1991). As the sample size was limited by flask and resource availability, the
focus of the experimental design was on creating significantly different concentrations of
bacterial inoculant as the variable treatment and standardising all the other measurable
variables, such as nutrient concentration, light, volume and the like, to minimise their
potential influences.
For the bacterial component, a stock solution was grown from environmental samples of
coastal seawater from which the U. lactuca was collected at Coledale Headlands. The
seawater was sampled using sterile containers and then prepared to produce Stationary
Phase bacterial communities as stock solution for inoculum for the experiment as per the
process outlined under Stage 3.2.2 - Bacterial Enumeration. These samples were used
as the basic stock to create the bacterial communities which were used throughout the
experimental process for Stage 3. They were replaced several times and re-cultured.
20 mm diameter discs of algae (U. lactuca) were cut using a steel-borer on a wooden
block, and then added to the seawater media with nutrients and metal isotopes (Cd-109
and Se-75) and incubated with known bacterial concentrations. A stock solution of
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isotopes (Se-75, 35kBq/L and Cd-109, 45kBq/L) was used over the course of the
experiment.
Nutrients were also added in standard amounts (previously 1 mL of 5 mM KNO3 and 1
mM KH2PO4 were used), which were the concentration levels found in previous
experiments to be the mid-range for optimal algal growth (Wille, 2004).
The process of the experiment was to add 100 mL of the filtered seawater to 250 mL
Erlenmeyer flasks that had been treated with Coatasil as previously described, with the
nutrient solution and isotopes. Three random algae discs (approx 20 mm diameter) were
rinsed with filtered seawater and lightly cleaned of surface adhering material then added
to each flask. They were not sterile.
The stock bacterial solution was measured for Optical Density (OD) and plated for actual
counts. The flasks were then inoculated with the bacterial solution, as follows:
Control: Sterilised seawater + algae, no bacterial solution added (control for bacterial
growth sourced from the algae);
High: Seawater + algae + high bacterial concentration (determined by initial OD
measurements);
Medium: Seawater + algae + medium bacterial concentration;
Low: Seawater + algae + low bacterial concentration.
The medium and low bacterial concentration treatments were obtained by serially
diluting the bacterial Stock Solution to the required concentration. The medium bacterial
inoculant was diluted by 10-3 and the low bacterial inoculant was diluted by 10-6, to
ensure a significant difference between the bacterial treatments in solution.
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The experimental setup is outlined below in Table 3.4

Table 3.4 Stage 3: Main Experiment: Experimental Setup
Treatment

Day 1 – Setup
Nutrients
Nitrate

Control

5µM

Active Metals Conc.

Filtered seawater/

(kBq/L)

Number of Algal

Phosphate
1µM

Bacterial Conc.

Discs
75-Se 35kBq/L

100 mL/3 discs

0

109-Cd 45kBq/L
High

5µM

1µM

75-Se 35kBq/L

100 mL/3 discs

109-Cd 45kBq/L
Medium

5µM

1µM

75-Se 35kBq/L

5µM

1µM

75-Se 35kBq/L

10

10

7

10

4

100 mL/3 discs

109-Cd 45kBq/L
Low

10

100 mL/3 discs

109-Cd 45kBq/L

Every second day, apart from the first period which bridged a weekend (3rd day after
setup), one algae disc was removed from each flask for sampling. The algal discs were
collected using a sterile cotton-tip, and then washed with Milli-Q water. They were
placed in a sterile 30 cm Petri dish, wet-weighed (after blotting dry), and then measured
for isotope uptake with a gamma spectrometer and then dried and weighed.
To determine the element uptake by the algae, a high-resolution gamma-ray
spectrometer (from the ANSTO laboratory facilities) was used (Wille, 2004). The
gamma-ray spectrometer consists of a p-type closed end high purity germanium coaxial
detector (30% relative efficiency) coupled to a multi-channel analyser (Ortec
International), and operated by the Microsoft Windows software program Maestro.
ANSTO staff on-site calibrated the spectrometer weekly to ensure accuracy of results.
The algae biomass was measured to determine any growth variations and to ensure that
the initial sample discs used in the experiment were substantially similar, as a significant
difference in disc sizes could unduly influence the results by increasing the surface area
with which to adsorb available cadmium and selenium. The basic two-factor ANOVA was
calculated for both Experiment 1 and Experiment 2.
The radioactivity values of the samples were counted for three minutes and the net
areas measured were compared with known standards of appropriate geometry, and
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corrected for background and decay. Gamma emission was determined at 88 keV for
Cd-109 and 136 keV for Se-75, and the formulae used to determine cadmium and
selenium uptakes (µg/g wet weight) for the algae were: cadmium (µg) = 1.04-5 X
+0.000252, and; selenium (µg) = 1.21-6 X+ 0.000292 (X – net peak area of each
sample). These procedures are consistent with the methodology used in the previous
studies by Wille (2004) and Bai (2005).
The water was sampled for bacterial concentration, measured with OD and cultured for a
plate count. A 5 mL water sample was also taken via sterile pipette into a clean small
glass container and the radioisotope content measured using a gamma spectrometer.
There were two experiments completed in the Main Experiment stage and each
experiment took 8 days with sampling on the fourth, sixth and eighth days as per the
following table:

Table 3.5 Main Experiment: Experimental Sampling Period
Treatment

Day 4 – Sampling

Day 6 - Sampling

Day 8 - Sampling

Control

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

1 Algae disc

1 Algae disc

1 Algae disc

1 µL water (Bacterial)

1 µL water (Bacterial)

1 µL water (Bacterial)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

5 mL (Metals Conc.)

High

Medium

Low

Prior to the sampling new Erlenmeyer flasks were prepared with Coatasil treatment,
seawater was sterilised through filtration and new experimental components were
prepared (nutrient solution, isotope solution and bacterial inoculants). Once the sample
elements had been removed the fresh Erlenmeyer flasks were used for the new
components and the remaining algal discs that had not been sampled were cleaned with
sterile cotton tips and sterilised water and added to the new flasks. They were then recapped with fresh sterile Petri dishes and returned to the light cabinet.
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Data analysis

The two main tools used to analyse the data were Microsoft Excel and the statistical
software SAS, which was used to manage the data and optimise its organisation for
analysis through the Excel. Two-factor analysis of variance (ANOVA) with replication
(bacterial treatment and sampling period) was used to examine the data from each of
the results sets for the different measured components (algae wet weight; bacteria in
solution; cadmium uptake; and, selenium uptake). Single-factor ANOVA (bacterial
treatment) was used to investigate any significant differences in the results, by analysing
the data on each separate sampling day. Any inconsistencies were further investigated
by examining the Estimate of Effect Size and the Power of the experimental design
(Keppel, 1991). Correlation analysis and scatter charts were completed for Stage 2:
Bacterial Enumeration and Stage 3: Main Experiment.
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Results and Discussion

This chapter presents the results obtained through the experimental component and the
discussion of the findings and the study itself. The results (Section 4.1) are presented in
chronological order of the experimental stages: Stage 1: Preliminary Experiment, Stage
2: Bacterial Enumeration and, finally, Stage 3: Main Experiment. The evaluation of
important aspects of the study and the experimental designs used, such as the
limitations of the methodology, the power of the sampling sets, and facets of using the
bacterial solutions and algae in the research, are discussed following the presentation of
the results, in 4.2 Discussion.
Statistical analysis of the Stage 1 results was not undertaken as the sampling was not
replicated within the experimental process and the main objective of this experiment was
to test the design and some of the techniques. The Stage 2: Bacterial Enumeration
results were analysed for correlation between bacterial plate counts and optical density
to determine whether the methodology could be used for real-time measuring of
bacterial concentration in solution, and plotted to visually confirm any trends.
The Stage 3: Main Experiment results analysed the different components of the
experimental design – the algae biomass, bacterial concentration, and cadmium and
selenium uptake in the algae – for both experimental processes (Experiment 1 and
Experiment 2) using two-factor analysis of variance (ANOVA) with replication. This was
done using the complete data from all sampling days and bacterial inoculant
concentrations (Control, High, Medium, and Low). Where appropriate, using single-factor
ANOVA, the data was then isolated within each sampling day and analysed to further
test any differences or anomalies identified through the two-factor ANOVA calculations.
The complete data sets for each component were also plotted and assessed for any
correlations.
The discussion portion of this Chapter follows a similar structure to the results in
reviewing the three stages in chronological order of Stage 1: Preliminary Experiment,
then Stage 2: Bacterial Enumeration and, lastly, Stage 3: Main Experiment. A summary
at the end of the Chapter briefly highlights the main issues and describes additional
areas of investigation in the area of algae/bacterial-metal interactions.
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The results from Stage 1 were not analysed because the experiment was a preliminary
investigation to trial several of the methodological aspects of the study and the sampling
was not replicated. The lack of replication meant there were no mean values to
statistically examine and no variation to assess by qualitative means. The focus of the
preliminary experiment was to test some design and technical issues rather than derive
value from the results. The findings from this experiment that were used to modify or
influence the designs of the subsequent experiments are examined under 4.2
Discussion.

4.1.2

Stage 2: Bacterial Enumeration

The Stage 2: Bacterial Enumeration experiment was developed after a review of the
Stage 1: Preliminary Experiment methodology demonstrated that the experimental
design did not have a sufficiently robust technique for the real time measurement of
bacterial concentrations. The purpose of this stage was to develop a process of bacterial
enumeration in real time to allow bacterial inoculants to be applied in approximately
equal concentrations throughout the period of the Stage 3: Main Experiment.
This process would be crucial as the Stage 3 experiments were designed to reflect a
flow regime with a constant refreshing of inputs, whereas the Stage 1: Preliminary
Experiment reflected a still water marine system where the inputs were not refreshed
over the period of the experiment. In the Stage 3 experiments, the inoculants would be
refreshed at regular intervals (approximately every two days) and required reapplication
in similar concentrations to maintain the Low, Medium, High and Control concentrations
across the experimental period.
The two experimental variables used for this stage were the optical density (OD) of the
bacterial stock solutions (SS), which were used as inoculants, and bacterial
concentrations that were determined using a plate count technique. The results
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presented in Figure 4.1.2.1 show the measurements of the optical density (OD)
compared against the bacterial concentrations sampled at the same time as the OD
readings. The results showed a strong positive correlation (p value=0.80), indicating
higher OD readings are associated with an increased concentration of bacteria in
solution.
Figure 4.1.2.1 Stage 2 Bacterial Enumeration Correlation Results: Bacterial
Concentration and Optical Density

Bacterial
Concentration (10^)

Stage 2 Bacterial Enumeration Correlation
Results: Bacterial Concentration and Optical
Density
10
9
Bacterial Enumeration

8
7

Linear (Bacterial
Enumeration)

6
5
4
0

1
Optical Density

2

The strong positive correlation indicates that this technique would be suitable to
approximate real time measurements for determining the bacterial concentrations of the
bacterial stock solutions used as inoculants for Stage 3: Main Experiment.

4.1.3

Stage 3: Main Experiment

There were two experiments completed under Stage 3: Main Experiment, an initial
experimental process, Experiment 1, and a repeat experimental process, Experiment 2,
which was identical in methodology to Experiment 1. The Stage 3: Main Experiment was
designed to test the main question of the study: is the uptake of selected trace elements
by algae affected by differing bacterial contents of the matrix?
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The results for Stage 3: Main Experiment are broken down into several sections:
biomass of the algae, photosynthetic efficiency, bacterial concentration, cadmium uptake
in algae, cadmium concentration in solution, selenium uptake in algae, and selenium
concentration in solution. Under each of these individual sections, the results for both
Experiment 1 and Experiment 2 are presented. Where additional statistical analysis was
completed, such as single-factor ANOVA or correlation calculations, the results are
presented in the relevant section.

4.1.3.1 Biomass of the Algae
The algae biomass was measured to determine any growth variations and to ensure that
the initial sample discs used in the experiment were substantially similar, as a significant
difference in disc sizes could unduly influence the results by increasing the surface area
with which to adsorb available cadmium and selenium. The basic two-factor ANOVA was
calculated for both Experiment 1 and Experiment 2.
Experiment 1 was further analysed using single-factor ANOVA to investigate an
apparent spike in the results, as shown in Figure 4.1.3.1. Experiment 2 was also
analysed using single-factor ANOVA and further calculations were used to determine the
power of the sample. Correlation calculations were completed for both Experiment 1 and
Experiment 2 to compare algal biomass with bacterial concentration in solution to
measure any possible interactions or influences between the two.
Experiment 1:
The algal biomass appeared to remain constant in Experiment 1 for both the bacterial
treatments (p = 0.24; High, Medium, Low and Control) and the sampling periods (p =
0.29; Day 4, Day 6, and Day 8) and there was no measured interaction (p value = 0.16).
The means of the algal discs wet weights were plotted on Figure 4.1.3.1, and there
appears to be a substantial spike for the High concentration on Day 6 of the experiment.
When the data were broken down into isolated days, the single-factor ANOVA
calculations showed similar results, with no significant differences being displayed (Day
4 p = 0.74; Day 6 p = 0.079; Day 8 p = 0.65), even with the Day 6 spike.
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Figure 4.1.3.1: Stage 3 Main Experiment: Exp 1: Algal Wet Weight Averages
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There were no significant (P<0.05) correlations (R= 0.077) among algae disk wet
weights and bacteria concentrations (Figure 4.1.3.2)
Figure 4.1.3.2: Stage 3 Main Experiment: Exp 1 Correlation Results: Algae Wet Weight
and Bacterial Concentration in Solution
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The degree of correlation between the algal disc weight and the bacterial concentration
in solution increased (0.28) when the data was corrected for the 0 outlier bacterial
results (Figure 4.1.3.3). The statistical analysis for both algae wet weights and the
bacterial concentrations (Section 4.1.3.3 Bacterial Concentration) do not find consistent
significant differences in their results, which does not reinforce the revised correlation
calculation results.
Figure 4.1.3.3: Stage 3 Main Experiment: Exp 1 Correlation Results: Algae Wet Weight
and Bacterial Concentration in Solution Revised Data
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Experiment 2:
In Experiment 2, the two-factor ANOVA calculations found a significant difference
between bacterial treatments (p value = 0.011) but not between sampling periods (p
value = 0.27) or the occurrence of any interaction (p value = 0.24). Further analysis of
the results from each isolated day using single-factor ANOVA did not identify any
significant differences (Day 4 p = 0.98; Day 6 p = 0.060; Day 8 p = 0.096). This
discrepancy is most likely due to the character of the dataset and its statistical integrity
rather than a reflection of biological processes. Calculations were run to determine the
power of the sample and its results, as visually, from plotting the means (Figure 4.1.3.4)
there does appear to be some difference (Keppel, 1991). The results from the singlefactor ANOVA were analysed for power and the calculations for Day 6 (0.48) and Day 8
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(0.40) indicated that its power was quite low which reflects the small replicate numbers
used in the experiment.
These results suggest that the single-factor ANOVA run against the results for both Day
6 and Day 8 had very low power due to the sample size. The two-factor ANOVA is
slightly more robust as it has a higher sample base (as it treats the sampling period as a
group rather than as individual day results) and is therefore more likely to pick up subtle
differences. Increasing the power of the data set by increasing the sample size would be
the most efficient manner in which to increase the accuracy of the results (Keppel,
1991).
Figure 4.1.3.4: Stage 3 Main Experiment: Exp 2 Algae Wet Weight Averages
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In the previous studies, Wille (2004) noted an increase in algal biomass over the first ten
days of the experiment, whereas Bai (2005) observed a significant increase towards the
middle of the experiment (around days 5-8, on a 15 day experiment). Both the previous
studies expected a small drop-off in biomass as the cadmium and selenium uptake
started to exert a toxic effect, but on the other days of the experiments, no other
significant changes were recorded (Bai, 2005; Wille, 2004).
When single-factor ANOVA was used to analyse the data across bacterial treatments,
where two-factor ANOVA measured a significant difference, the calculations found that
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only the Low bacterial treatment expressed a significant difference (p < 0.001). There
were no significant differences across any of the other three treatments (Control p =
0.34; Medium p = 0.58; High p = 0.18). The results for the algae growth for the Low
treatment were the only increase in algae biomass that reflected the initial increase in
biomass found in the previous two studies (Bai, 2005; Wille, 2004).
The correlation studies with the algal biomass, expressed through the wet weight of the
algae discs, only showed a weak association in Experiment 2 between the bacterial
concentration in solution and the wet weight (correlation 0.26). The data points were
plotted on a scatter diagram (Figure 4.1.3.5):
Figure 4.1.3.5: Stage 3 Main Experiment: Exp 2 Correlation Results: Algae Wet Weight
and Bacterial Concentration in Solution
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As can be seen from Figure 4.1.3.5, there is a cluster of 0 data points for Bacteria in
Solution, which are most likely exerting a fair degree of leverage (Keppel, 1991) on the
dataset. If these outlier points are corrected for, then the correlation reduces to 0.20, and
the data points are now more clustered with no major trend in results (Figure 4.1.3.6). As
will be discussed under the results for the bacteria measurements (Section 4.1.3.3),
there were some issues with the integrity of the bacteria datasets that reduces the
likelihood of their correlation with other experimental results.
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Figure 4.1.3.6: Stage 3 Main Experiment: Exp 2 Correlation Results: Algae Wet Weight
and Bacterial Concentration in Solution Revised Data
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4.1.3.2 Bacterial Concentration
The results presented in the following section analyse the measured difference of the
bacteria in solution between the different bacterial inoculants. The bacterial inoculants
were applied at four different concentrations, Control (0/100 mL), Low (104/100 mL),
Medium (107/100 mL) and High (1010/100 mL). It was anticipated that these differing
concentrations would allow for sufficient variability between the inoculant concentrations
to determine any measurable effects. Although the results demonstrated some
significant differences, they were more attributable to methodological faults than
bacterial behaviour.
The data from both Experiment 1 and Experiment 2 were analysed using two-factor
ANOVA and further analysis with single-factor ANOVA. In both of the experiments when
the extreme results were discounted (0 concentrations) the remaining bacterial
concentration results smoothed out to a more standardised range, demonstrating very
little difference between the treatments.
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Experiment 1
The bacterial concentration in solution changed significantly during Experiment 1, across
main effects, bacterial treatment (Control, Low, Medium, and High) and sampling period
(Day 4, Day 6, and Day 8). Not only was difference found across treatment (p value =
0.011) and sampling period (p value < 0.001) but they were also found to interact (p
value = < 0.001), that is to say, that one effect was modified by the other (Hale, 2005).
The means of the bacterial concentrations are presented in Figure 4.1.3.7.
From plotting the means, the interaction appears to be evident in the High and Medium
Treatments occurring on the last sampling period, Day 8. However, the data was further
analysed by breaking it down into individual sampling days and analysing the
concentration data using single-factor ANOVA. The analysis for the first two sampling
periods, Day 4 and Day 6, reflected the data presented in Figure 4.1.3.7, in that they
were identical and there was no real difference between the results. However, Day 8
indicated a significant difference (p value = 0.004), which is readily apparent in Figure
4.1.3.7.
Figure 4.1.3.7: Stage 3: Experiment 1: Bacterial Concentrations in Solution
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Examination of the raw data shows that the results of the High Treatment for Day 8 were
all 0, and the Medium Treatment also had a single 0 result. This most likely reflects a
procedural issue in culturing the bacterial samples rather than a likely reflection of true
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concentrations within the experimental medium, as the interaction is specific to this
region of the data matrix. Apart from these extreme results, the rest of the bacterial
concentration results were fairly well standardised across the period of Experiment 1,
suggesting little real difference.
Experiment 2
For Experiment 2 the bacterial concentration results were similar to Experiment 1, in that
there was significance found between Treatments (p value < 0.001), Sampling Periods
(p value = 0.0023), and interaction was identified (p value = 0.003). The means of the
bacterial concentrations in solution are shown in Figure 4.1.3.8:
Whereas the differences in Experiment 1 occurred on Day 8 with the High and Medium
treatments, the single-factor ANOVA analysis identified Day 6 as containing the
significant results for Experiment 2 (p value = 0.0049) within the Low treatment. The
other two sampling days did not display any difference (Day 4 p value = 0.052; Day 8 p
value = 0.080), which is reflected in the presentation of the data in Figure 4.1.3.8. The
Low treatment results for Day 6 all recorded 0 concentrations, which, similar to
Experiment 1, probably reflect a culturing issue rather than the actual bacterial behaviour
within the experimental medium.
Figure 4.1.3.8: Stage 3: Experiment 2: Bacterial Concentration in Solution
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If the 0 results from both sets of data are excluded then the results take on a much
smoother aspect where the bacterial concentrations become much more standardised
between both treatments and sampling period (approximately between 104 to 107/100
mL). Given that the experimental medium was completely renewed and re-treated with
bacterial inoculant on Day 4 and Day 6, the bacterial concentration may not be expected
to change over time because of this refreshing of levels.
It was crucial to the study that the bacterial concentrations measured in solution retained
an approximation of the differences of their bacterial inoculant treatment, in that a
significant difference was able to be measured between the Control, Low, Medium and
High experimental flasks. As this study is investigating how the presence of differing
concentrations of bacteria affect the uptake of selected trace elements by algae, if a
significant difference cannot be measured between the treatments it makes investigation
of the basic premise unattainable.
These unusual results may also reflect some local phenomenon, as even on a microscale, such as in the experimental flask, homogenous conditions do not truly exist, which
can lead to incidents such as inter-cell competition, nutrient depleted zones or other
minute influences (Lobban and Harrison, 1997).

4.1.3.3 Cadmium Uptake in Algae
The results for cadmium uptake by the algae were analysed using two-factor ANOVA.
Data discrepancies were further investigated with single-factor ANOVA and correlation
calculations, comparing cadmium uptake against bacterial concentration in solution,
were completed for both Experiment 1 and Experiment 2. The results showed some
significant differences, an increase in uptake over time, but these did not match
variations in other experimental results, such as bacterial concentrations. The correlation
calculations showed some association between bacteria concentrations limiting
cadmium uptake, but this did not appear linked to the bacterial inoculant treatment.

88

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Experiment 1
The uptake of cadmium into the algae increased over the period of the experiment (p
value < 0.001), although there was no measured difference between the Treatments (p
value = 0.068). This increase in cadmium uptake would be expected the longer the
exposure occurred, as shown by plotting the means in Figure 4.1.3.9.
The single-factor analysis of the results broken down on a sampling day basis show that
there was a significant difference between treatments only on Day 4 (p value = 0.0040),
and not on Day 6 (p value = 0.33) or Day 8 (p value = 0.62). From examining Figure
4.1.3.9, it is evident that the Control treatment is substantially less than the other
treatments. However, from Figure 4.1.3.7, it can be seen that the bacterial concentration
results for this day were nearly identical, which suggests that bacteria may not be the
cause of the difference.
Referring to Figure 4.1.3.7 again, Day 8 registered a significant difference in the
bacterial concentration results, with substantial drops being measured in both the
Medium treatment and most especially in the High treatment. This is not reflected in the
cadmium uptake results.
Figure 4.1.3.9: Stage 3: Experiment 1: Cadmium Uptake in Algae
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Correlation Analysis
The correlation analysis between the bacterial concentration in solution and the
cadmium uptake in algae resulted in a negative correlation (-0.47) (Figure 4.1.3.10).
Figure 4.1.3.10: Stage 3: Experiment 1: Correlation Data – Bacterial Concentration and
Cadmium Uptake in Algae
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The results are heavily weighted by the 0 outlier results for the bacterial concentration
and when this is corrected for by excluding those data points the correlation is
significantly reduced and becomes much more marginal, especially considering the
overall small sample size (Figure 4.1.3.11, correlation = -0.20).
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Figure 4.1.3.11: Stage 3: Experiment 1: Revised Correlation Data – Bacterial
Concentration and Cadmium Uptake in Algae
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Experiment 2
The cadmium uptake results for Experiment 2 showed a significant increase over both
Treatment (p value < 0.001) and Sampling Days (p value < 0.001), with significant
interaction (p value = 0.0073). The means of the results have been plotted in Figure
4.1.3.12.
When the treatment results are analysed on individual sampling days using a singlefactor ANOVA, Day 4 (p value = 0.089) showed no difference, but both Day 6 (p value =
0.0041) and Day 8 (p value = 0.0064) showed significant differences. When these
results are compared to the bacterial results from Experiment 2 it can be seen in Figure
4.1.3.8 (pg 87) that Day 6 had a significant difference but Day 8 did not. What is also
interesting in comparing the two charts (Figure 4.1.3.8 and Figure 4.1.3.12) is that the
Low treatment had the lowest bacteria results on Day 6 and second lowest on Day 8 and
had the highest cadmium uptake on both days; and the High treatment had the highest
bacterial results for both sampling days in question and the lowest cadmium uptake on
both days. This is also shown in the correlation analysis.
When the individual treatments (Control, Low, Medium, and High) are analysed over the
sampling period using single-factor ANOVA, the Control (p value = 0.0028), Low (p value
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= 0.00041), and Medium (p value = 0.0071) all showed significant increases over time,
whereas the High (p value = 0.13) showed no such increase.
Figure 4.1.3.12: Stage 3: Experiment 2: Cadmium Uptake in Algae
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Correlation Analysis
The initial correlation analysis for the Experiment 2 results between bacterial
concentration in solution and cadmium uptake in algae showed a relatively strong
negative correlation (-0.61). The data is plotted below in Figure 4.1.3.13:
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Figure 4.1.3.13: Stage 3: Experiment 2: Correlation Data – Bacterial Concentration and
Cadmium Uptake in Algae
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The initial results, similar to the Experiment 1 initial results, are influenced by the 0
bacterial concentration results. If this is corrected for, unlike the Experiment 1 correlation
data, the correlation between the two components does not substantially change
(correlation = -0.63), which produces the revised data plotting in Figure 4.1.3.14 below:
Figure 4.1.3.14: Stage 3: Experiment 2: Revised Correlation Data – Bacterial
Concentration and Cadmium Uptake in Algae
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The bacterial results for Experiment 2 (Figure 4.1.3.8) showed a significant difference on
Day 6 but not Day 4 or Day 8, whereas the cadmium uptake data was significantly
different for both Day 6 and Day 8 but not Day 4. Given that the Day 6 bacterial data
were heavily influenced by all the Low treatments returning a 0 reading, and, as
mentioned in the bacterial results, there were inconsistencies within those results which
strongly suggested compromised data integrity, the above correlation must be treated
with caution.

4.1.3.4 Cadmium Concentration in Solution
Experiment 1
The experimental results showed a significant increase in cadmium solution across both
the treatments (p = 0.0056) and over the sampling period (p < 0.001). However there
was no measurable interaction (p = 0.37). The results have been plotted in Figure
4.1.3.15.
Figure 4.1.3.15: Stage 3 Main Experiment: Experiment 1: Cadmium Concentration in
Solution
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When the data is further analysed using single-factor ANOVA the differences across the
treatments on a sampling period are not replicated (Day 4 p = 0.062; Day 6 p = 0.18;
Day 8 p = 0.16). In determining the precision of the data the two-factor ANOVA is more
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accurate than single-factor ANOVA due to the larger sample size and these results are a
reflection of that (Keppel, 1991). From figure 4.13.15 it would appear that the higher the
bacterial inoculant concentration has the lowest cadmium concentration results.
When the data for the differences across the sampling periods are measured the single
factor ANOVA calculates that the Control showed no significant difference (p = 0.084),
however, all the other treatments showed a significant increase in cadmium
concentration in solution (Low p = 0.017; Medium p < 0.001); High p < 0.001). The
increasing cadmium concentrations may be occurring as cadmium previously attached
to algal discs are returned to the experimental solution.

Correlation Analysis
The correlation analysis for bacteria and cadmium concentration in solution showed a
negative correlation (-0.35) as plotted in Figure 4.1.3.16.
Figure 4.13.16: Stage 3 Main Experiment: Experiment 1: Correlation of Bacterial
Concentration and Cadmium Concentration in Solution
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Once the outlier bacterial results (0) were corrected for the correlation analysis was
repeated and the negative correlation actually increased slightly (-0.39), which is shown
in Figure 4.1.3.17.
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Figure 4.1.3.17: Stage 3 Main Experiment: Experiment 1 Revised Correlation Data:
Bacterial Concentration and Cadmium in Solution
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There is a negative trend that is obvious in both Figures 4.1.3.16 and Figure 4.1.3.17
which shows an inverse proportional relationship between the bacteria and cadmium
concentrations in solution. This supports the ANOVA calculations that found a difference
across the different inoculant treatments. Combined with the correlation data it would
appear as if the cadmium concentrations in solution drop in the presence of higher
bacterial concentrations. The appearance of this interaction is not supported by other
results, such as the bacterial concentrations having no substantiated significant
difference, low replicate numbers and the low power of the statistical analysis.
The data from the cadmium uptake in algae and the cadmium concentration in solution
was compared through correlation analysis and a positive association was found (0.44)
as shown in Figure 4.1.3.18. These results support much of what has been discussed in
the literature in that the algae respond to the cadmium concentration in the water
column.
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Figure 4.1.3.18: Stage 3 Main Experiment: Experiment Correlation Data: Cadmium
Uptake in Algae and Cadmium Concentration in Solution
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Experiment 2
The results for Experiment 2 showed there was a significant difference across both the
treatments (p = 0.029) and the sampling periods (p < 0.001), while there was no
measured interaction (p = 0.82). These results match those for Experiment 1, where
significant differences were found for both the treatment and sampling periods but
without any interaction between the effects. Figure 4.1.3.19 shows the results for
Experiment 2.
When the data is broken down and analysed using single factor ANOVA the only
significant difference across the treatments was found on Day 8 (p = 0.034), both Day 4
(p = 0.38) and Day 6 (p = 0.41) showed no significant difference. However, unlike the
results from Experiment 1, the High treatment was in the upper range of results, spread
with the Control and Medium inoculants, and the Low treatment dominated the lower
results. In Experiment 1 the High treatment dominated the lower results and the Control
dominated the upper results.
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Figure 4.13.19: Stage 3 Main Experiment: Experiment 2: Cadmium Concentration in
Solution
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Similar to Experiment 1, these results for Experiment 2 showed there was no significant
difference over time for the Control (p = 0.76) results when analysed with single factor
ANOVA. The single factor ANOVA found that there was a significant difference for the
Low (p = 0.014) and High (p = 0.026), while the Medium results were approaching
significance (p = 0.052).

Correlation analysis
The data for the cadmium concentration in solution in Experiment 2 was analysed for
correlation against the bacterial concentration and a low positive association (0.16) was
found, as displayed in Figure 4.1.3.20.
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Figure 4.1.3.20: Stage 3 Main Experiment: Experiment 2 Correlation: Cadmium
Concentration in Solution and Bacterial Concentration
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The data set was corrected for the 0 bacterial results and the correlation recalculated
with the results reversing themselves to produce a low negative association (-0.17)
between the cadmium concentration in solution and the bacterial concentration, which is
shown below in Figure 4.1.3.21.
Figure 4.1.3.21: Stage 3 Main Experiment: Experiment 2 Revised Correlation Data:
Cadmium Concentration in Solution and Bacterial Concentration Revised Data
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The reversal of the correlation results from a positive to a low negative association with
the removal of the 0 bacterial concentration results reinforces some of the other results
relating to the bacterial component of the experiment. The two-factor ANOVA analysis of
the bacterial results (Section 4.1.3.3) indicated that most of the significant differences
found within the dataset were due to some 0 bacterial concentration results across both
Experiments 1 and 2. Once the bacterial concentrations were corrected for the
correlation calculations the Experiment 1 results went from a negative to slightly more
negative, and the Experiment 2 results went from a low positive to a low negative.
While both sets of corrected correlation data suggest that there is a negative association
between bacterial concentration in solution and cadmium concentration in solution the
results must be treated with caution. The differences may be due to methodological,
such as inoculating concentrations, incubating environment, source of bacteria, or
experimental design issues, such as sample size and replication numbers, which will be
addressed in the Discussion.
The cadmium concentration in solution was analysed with cadmium uptake in algae for
Experiment 2 using correlation and a negligible positive correlation was found (0.12;
Figure 4.1.3.22).
Figure 4.1.3.22: Stage 3 Main Experiment: Experiment 2 Correlation Data: Cadmium
Concentration in Solution and Cadmium Uptake in Algae
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This result is quite different from the Experiment 1 results which calculated a positive
correlation (0.44). Given that the correlation results for cadmium and bacteria in solution
were also different across Experiments 1 and 2, this change probably also reflects those
results and the issues associated with them.

4.1.3.5 Selenium Uptake in Algae
The selenium uptake by algae results were analysed with two-factor ANOVA and where
there were some apparent anomalies further investigation using single-factor ANOVA
was completed. Correlation calculations were also completed comparing selenium
uptake to the bacterial concentrations measured in solution for both Experiment 1 and
Experiment 2. Selenium, unlike cadmium, did not appear to substantially change over
time and the correlation analysis did not identify any association between selenium
uptake and bacterial concentration.
Experiment 1
The results for the uptake of selenium by the algae showed no differences across
Treatments (p value = 0.36), Sampling Period (p value = 0.33). The means of the results
are plotted in Figure 4.1.3.23.
Using single-factor ANOVA to examine the treatment results on individual days no
further significance was identified (Day 4 p value = 0.083; Day 6 p value = 0.44; Day 8 p
value = 0.35), even though from Figure 4.1.15 there appears to be a large spike in the
Medium mean on Day 6. This was also reflected when the results were analysed along
treatments, with no significant differences found (Control p value = 0.82; Low p value =
0.58; Medium p value = 0.42; High p value = 0.45).
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Figure 4.1.3.23: Stage 3: Experiment 1: Selenium Uptake in Algae
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Experiment 2
The results for selenium uptake in Experiment 2 are very similar to those from
Experiment 1, with no differences being found for Treatment (p value = 0.17) or
Sampling Period (p value = 0.81) and no occurrence of interaction (p value = 0.86). The
means of the results were plotted in Figure 4.1.3.24.
An apparent large rise can be seen in the Medium treatment, similar to Experiment 1
results. However, this was not reflected in any of the single-factor ANOVA analysis for
either individual days (Day 4 p value = 0.36; Day 6 p value = 0.60; Day 8 p value = 0.46)
or treatments (Control p value = 0.54; Low p value = 0.13; Medium p value = 0.75; High
p value = 0.029).
Correlation analysis calculated a low positive association (0.19), which supports the
ANOVA analysis data and suggests that selenium uptake did not differ appreciably
across the experiments, unlike cadmium uptake, which appeared to increase with time of
exposure, which is consistent with other research (Bai, 2005; Norton, 1997; Vymazal,
1995; Wang and Dei, 1999; Wille, 2004).
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Figure 4.1.3.24: Stage 3: Experiment 2: Selenium Uptake in Algae
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4.1.3.6 Selenium Concentration in Solution
Experiment 1
The analysis of the results for Experiment 1 found that there was no significant
difference for the different treatments (Control, Low, Medium and High) (p = 0.066),
however there was a significant difference for the sampling period (p = 0.015) across
Day 4, Day 6 and Day 8. There was no interaction found (0.51). The results are shown in
Figure 4.1.3.25.
When the differences for the sampling period were further analysed using single factor
ANOVA both the Control (p = 0.012) and High (p < 0.001) were found to be significantly
different, but the Low (p = 0.30) and the Medium (p = 0.13) were not. These single factor
ANOVA results should be treated with some caution as the sample size is smaller than
the two-factor ANOVA and the plotting of the results shows the Low treatment as having
a large visual dip. It may be reasonable to suggest that the increase occurred across the
sampling period; however a repeat of the experiment with a larger sample size would be
required to give more accurate and reliable results.
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Figure 4.1.3.25: Stage 3 Main Experiment: Experiment 1 Selenium Concentration in
Solution
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Correlation analysis
The data for selenium concentration in solution and the bacterial concentration was
analysed for correlation and found a negative correlation (-0.25) between the two, as
plotted in Figure 4.1.3.26.
Figure 4.1.3.26: Stage 3 Main Experiment: Experiment Correlation Data: Selenium
Concentration in Solution and Bacterial Concentration
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The data was corrected for the 0 bacterial results and then analysed again showing a
negligible negative association (-0.035) as plotted in Figure 4.1.3.27.
Figure 4.1.3.27: Stage 3 Main Experiment: Experiment 1 Revised Correlation Data:
Selenium Concentration in Solution and Bacterial Concentration
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When the 0 bacterial concentration results were corrected for, the association
diminished substantially suggesting there is little interaction between the bacteria and
selenium in solution. The correlation results also support the two-factor ANOVA analysis
which found no significant differences for selenium in solution across the bacterial
inoculant treatments. This contrasts to the results for bacteria and cadmium in solution
which suggested a negative association. This may be due to some methodological
issues mentioned previously or there may be some competition between the two trace
elements in accessing the bacteria for adsorption sites.
A correlation analysis was undertaken for the selenium concentration in solution and the
selenium uptake in algae with a negative correlation found (-0.30) as plotted in Figure
4.1.3.28.
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Figure 4.1.3.28: Stage 3 Main Experiment: Correlation Data: Selenium Concentration in
Solution and Selenium Uptake in Algae
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Experiment 2
The results for selenium concentration in solution for Experiment 2 found there was no
significant difference for the treatments (Control, Low, Medium and High) (p = 0.20), the
sampling period (p = 0.72) and there was no interaction (p = 0.090). The results are
presented in Figure 4.1.3.29.
Experiment 1 indicated a significant difference for selenium concentration in solution
over the period of the experiment with an increase being likely, which was not found in
Experiment 2. Further analysis using single-factor ANOVA on the separate data streams
was inconclusive. These differences in results most likely reflect the need to improve the
statistical power of the experiment and increasing sample numbers rather than a
substantial confidence that they are measuring an actual biological event within the
experimental process.
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Figure 4.1.3.29: Stage 3 Main Experiment: Experiment 2: Selenium Concentration in
Solution
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Correlation analysis
A correlation analysis was completed for the selenium concentration in solution and the
bacterial concentration and a very weak negative correlation (-0.14) was found, with the
data being plotted in Figure 4.1.3.30.
Figure 4.1.3.30: Stage 3 Main Experiment: Experiment 2 Correlation Data: Bacterial
Concentration and Selenium Concentration in Solution
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The data was corrected for the 0 bacterial results which would be exerting a possible
leverage effect on the results and the revised calculations found no real correlation
(0.0070), as plotted in Figure 4.1.3.31.
Figure 4.1.3.31: Stage 3 Main Experiment: Experiment 2 Revised Correlation Data:
Bacterial Concentration and Selenium Concentration in Solution
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Similar to the correlation analysis for Experiment 1, the results went from a negative
correlation towards 0. The consistency of these results suggests that there is no
association between bacteria in solution and selenium in solution.
The results for selenium concentration in solution and selenium uptake in algae were
analysed and a negative correlation (-0.24) was found, similar to the correlation analysis
for Experiment 1 (-0.30). The data was plotted in Figure 4.1.3.32.
Both Experiments 1 and 2 were consistent in showing that there was a negative
correlation between the selenium in solution and algal uptake. This is in contrast to
cadmium, which showed a strong correlation between its concentration in solution and
algal uptake. This could be due to the different character of the trace elements in
question; selenium functions as a nutrient whereas cadmium acts as a toxin. The algae
may have some retention mechanism for selenium which can limit its adsorption at
higher levels.
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Figure 4.1.3.32: Stage 3 Main Experiment: Experiment 2 Correlation Data: Selenium
Concentration in Solution and Selenium Uptake in Algae
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4.2

Discussion

The discussion is separated into the three stages of the experimental processes: Stage
1: Preliminary Experiment; Stage 2: Bacterial Enumeration; and Stage 3: Main
Experiment, including both Experiment 1, the initial experiment, and Experiment 2, the
repeat experiment. A summary closes the chapter which includes recommended
modifications to the experiments as a result of the analysis and evaluation of the study.
While there were no valid results to evaluate for Stage 1: Preliminary Experiment, there
was a number of important issues that were highlighted and had further bearing on the
experimental work in the subsequent stages. Some basic methodological weaknesses
were corrected and two of the more important issues identified were the need for a
method of measuring real time bacterial concentrations in solution and necessary
compromises in sterile working conditions unique to the experimental design.
The discussion of Stage 2: Bacterial Enumeration evaluates the process of measuring
real time bacterial concentration in solution that was necessary to Stage 3. The
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correlation results from Section 4.1.2 show that there is an association that can be used
to measure optical density as an indicator of bacterial concentration.
The discussion of Stage 3: Main Experiment evaluates the role of adding a second
biological component, bacteria, to the experiment based around metal uptake in algae. It
also examines the increasing complexity a bacterial component introduces and some of
the experimental problems encountered, such as the standardisation of bacterial
concentration in solution across all the treatments (Control, Low, Medium and High).
Some other issues that are discussed are the low power of the experiments expressed
through the limited sample numbers, a flaw in sampling the algal discs from the
experimental flasks, the overall complexity of the experimental design and closing with a
list of potential modifications and improvements to the experimental design.

4.2.1

Stage 1: Preliminary Experiment

The Stage 1: Preliminary Experiment identified a number of potential problems with the
projected experimental process. The first problem related to the bacterial component,
where several Erlenmeyer flasks were used to culture bacteria from a seawater sample
of stock kept on-site. This test was intended to give an indication of the viability of
culturing bacteria in this manner and also to serve as the inoculant during the
experiment.
The flasks were inadvertently uncapped and most of the sample evaporated, eliminating
the value of the comparison. The amount of sample media left in most of the flasks was
limited, but, due to time constraints, the flask with the most viable sample had to be
used. This sample was very small in volume and only just served as enough inoculum
for the Stage 1 experiment. This issue was addressed in the subsequent experimental
work by capping the flasks with fresh sterile Petri dishes to minimise any evaporation.
The second issue identified was that the water sample originally used to create the
bacterial inoculants was filtered, essentially sterilising it. It had been filtered first through
a 0.45 micron filter and then a 0.2 micron filter (sterilisation at 0.3 micron or smaller;
Schneider and Rheinheimer, 1988) before being placed in the incubator to culture. The
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bacterial component of this study was meant to be representative of species found in a
natural coastal environment, and the sterilisation process reduced both the
concentration and the likelihood of the natural species diversity being reflected in the
final cultures.
To ensure that the bacterial broths in the following stages (Stage 2 and Stage 3) were
representative of the natural environment, they were cultured from water samples taken
at the Coledale Headlands site, where the algae samples were also sourced. The
samples were not filtered before use to avoid the sterilisation issue.
The Stage 1 experiment was replicating a non-flow regime in a marine environment,
which means that the various experimental components, including a bacterial inoculant,
did not require continuous renewing. Bacterial samples were taken from the water media
for the experiment and then plated out along with the other sampling such as the algal
disc and isotope concentration. This was a relatively simple procedure where the
timeliness of the measurements was not vital.
The time lag between taking the bacterial samples and obtaining the results highlighted
that plating out the bacterial samples would not be suitable for obtaining real time
bacterial concentration measurements in solution, which was needed to replicate a more
dynamic flow regime, such as in Stage 3: Main Experiment. As the following Main
Experiment would require changing the experimental water medium and the additive
components (such as the nutrients, isotope solutions and bacterial inoculants) a
technique for developing real time bacterial concentrations was needed. This was
addressed by introducing the Stage 2: Bacterial Enumeration.

4.2.1.1 Sterile vs Non-sterile
The introduction of the bacteria into the study raised the question of sterile versus nonsterile components. To address this issue, a compromise had to be made in the
experimental process – for example, if the Erlenmeyer flasks were treated with Coatasil
then they could not be sterilised afterwards, or it would negate the treatment. If the flasks
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were not treated with Coatasil there would be a risk that isotope bonding to the flask
surface could have an undue influence on the experimental results.
The Coatasil treatment was given the priority and, where possible, sterile components
were used. Compromises occurred in the following areas: the Erlenmeyer flasks were
Coatasil treated; the algae were cleaned but not sterilised; and the seawater medium
were filtered, as mentioned above, which effectively acted as a sterilisation process. It
was an important factor as it is essential to maintain aseptic conditions when
undertaking microbial studies and to ensure that it is the natural marine bacteria that are
being examined and not a contaminant species (Schneider and Rheinheimer, 1988).
This issue highlighted the difficulty in designing an experiment that would be able to
integrate the microbial elements into the existing experimental design. A control, or
blank, series was added to the Stage 3: Main Experiment design, with the intention of
providing evaluation data on any possible influence the non-sterile components, aside
from the algae, was having.
Overall, the compromises made at this stage emphasised the need for a series of
preliminary studies to be undertaken to address these issues prior to a repeat of this
experiment.
As a result of the Stage 1: Pilot Study, it was identified that an alternative method of
successfully sterilising the water to be used in the experiment would be to filter it rather
than the normal autoclaving process, which may alter the chemical composition of the
sea water through the high temperatures. The water medium used in Stage 3: Main
Experiment was sterilised by filtering first at 0.45 µm and then to 0.2 µm (Schneider and
Rheinheimer, 1988).

4.2.2

Stage 2: Bacterial Enumeration

For the Stage 3: Main Experiment, which approximated a flow regime similar to the
previous research work focusing on U. lactuca (Bai, 2005; Wille, 2004), a method for real
time measurements of bacterial concentration was necessary. Standard plate counts
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would involve a long delay that would not be functional for this work, and the alternatives
and options for this component of the experiment were investigated in Stage 2: Bacterial
Enumeration.
As a result of discussions with a microbiologist (Nicola Rogers, CSIRO, personal
communication, 2006) to resolve the issue based on information available, an
experimental design was developed to obtain relatively real-time bacterial concentration
measurements. Modifications were made to the overall bacterial role within the larger
experimental model, including culturing the bacterial broth for the purpose of inoculating
the experimental media, nutrient supply and non-heat sterilising treatments for seawater.
A minimum initial bacterial concentration of 109 would need to be established for the
experiment to be viable (Nicola Rogers, CSIRO, personal communication, 2006) to
achieve a substantial difference between the bacterial inoculants used, by diluting down
to the required concentrations. The technique of using the Optical Density of the
bacterial broth solution as a measure of concentration was developed for use in Stage 3,
coupled with bacterial plate counts for the samples, to confirm the concentrations and is
similar to techniques used in other studies (Pronk et al, 2006; Tada et al, 2001;
Zimmermann and Raebiger, 2006).
As described in Section 3.2.2, several cultures of bacterial inoculum were being
developed during any one point in the experimental process to ensure that there was a
viable culture available for use. This meant that, on occasion, during the experiment,
three different bacterial inoculants could be used on three separate sampling days and
the only parameter that was known to be common was their approximate concentration.
This process did not account for variations in community species compositions, which
potentially could differ markedly from one inoculant to the next. Reduced species
diversity or significant variations in community composition have the potential to impact
on the biochemical processes influencing any interactions between the algae, bacteria
and trace elements.
The data collected from the Bacterial Enumeration component of the study indicated that
there was a correlation between Optical Density and Bacterial Concentration which
could be used to approximate real time measurement for the bacterial inoculant. This
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method enabled the bacterial stock solutions used in the Main Experiment as inoculants
to be standardised to a consistent concentration for the period of the experiment.

4.2.3

Stage 3: Main Experiment

4.2.3.1 Bacterial Counts
The experimental model was designed to differentiate substantially between bacterial
concentrations in the solution, in the order of at least 10³, between the High, Medium
and Low treatments. However, this was not reflected in the results, where the bacterial
concentrations quickly standardised into a narrow range (104 to 107/100 mL), with some
exceptions (0 counts).
This nullified the other results from the experiment as all other experimental components
were standardised and remained constant. The reasons for the bacterial concentrations
all approaching very similar concentrations in the water medium are not readily apparent
but there may have been a multifactorial cause. Influential factors include using a
bacterial community sourced from the natural environment as opposed to a single
laboratory batch species, some of the methodology issues (non-sterile components,
incubation techniques, using a light cupboard, etc.), unknown species composition of
stock sample, and bacteria attached to the surface of the algae.
What is readily apparent is that for the experiment to be successful, further testing must
be done on the bacterial component to determine exactly how it behaves under these
experimental conditions and which methodology will achieve the best results.

4.2.3.2 Disc Sampling Methodology
It is also here where another significant difference was observed between this study and
the two previous studies (Bai, 2005; Wille, 2004). The design for this study had three
flasks for each treatment. In the previous experiments, to obtain the three algal discs for
sampling, one flask was removed and all the discs from that flask were sampled. For this
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experiment one disc from each of the three flasks from the one treatment were removed
for sampling.
This was done to maintain some type of standardisation for the bacterial concentration,
as a bacterial sample of the experimental medium was also taken at the same time as
the algal disc sample. If the discs from only one flask had been sampled, as done
previously, then only the bacterial concentration for that flask would have been relevant.
If that concentration had been significantly different from the other two flasks in that
treatment then the uptake results could be misleading. In order to gain a better
representative sample of results, the decision was made to sample one disc from each
flask, which matched the bacterial sampling interval.
This methodology increased the concentration ratio between the radioactive isotopes
and the algae with the removal of each algae disc. This problem was actually identified
in the Stage 3: Main Experiment but was the same for the Stage 1: Pilot Study. The
problem arose because as each successive algal disc is taken out of the experimental
solution the surface area available on the algae is reduced (i.e., removing one of the
three discs present for sampling reduces total surface area by a third). As previously
mentioned, several studies have suggested that trace element uptake in algae is
dependent on the exposed surface area and concentration of the element in solution
(Macinnis-Ng and Ralph, 2002; Megharaj et al, 2003; Wang and Dei, 1999). Other
research has suggested that metals that tend to associate with proteins, including
cadmium, have a much higher uptake rate than metals that are not sulfur-seeking, such
as selenium (Wang and Dei, 1999).
The results from the experiments reflect this trend, as the cadmium uptake increased
over time, whereas the selenium uptake by the algae remained relatively constant.
There was also generally little difference across treatments, but this is probably more to
do with the bacterial concentrations approaching a standard range. Using statistical
tools, this may be accounted for. In this study, however, the problem was identified after
the experimental process had nearly been completed and after the bacterial results
showed little valid difference across the experiment, significantly reducing the value of
applying these methods retrospectively. The simplest method for dealing with this would
be to intervene at the refreshing stage of the experiment, where the experimental
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components (bacterial inoculant, isotopes, nutrients, and water media) are renewed after
all the sampling has been completed for that period.
The concentration of the radioactive isotope added to the experiment at each stage of
the experiment could be reduced by a third to match the algae disc removal (one disc of
three is removed), after the first sampling period. After the second sampling period, a
further reduction by a half would be required (one of two discs removed). A preferable
option may be to increase in flask replicates to improve the statistical power of the
experiment.
The bacterial concentration to algal surface area would also be affected, as bacteria
attach to available surfaces, removing of the algae disc could also remove some of the
bacteria from the experiment. As the algal discs were not sterilised, either initially or
between sampling periods and the refreshing of the experimental components that
occurred on these days, the removal of the discs also represents a potential lessening of
bacterial sources. For example, at the start of the experiment, each flask would contain
three potential non-inoculant sources of bacteria (each of the three algal discs), whereas
for the final sampling period (from Day 6 to Day 8, the final day of the process), there
would only be one potential non-inoculant bacterial source (the final disc).
As the bacterial inoculants were chosen when it was anticipated, through methodological
means, that they would be in the stationary phase, different cultured broths were used
during the process of the experiment to achieve this. This could have unforeseen effects
as it could result in markedly different bacterial communities between the inoculants
used and any bacteria present on the surface of the algal discs. This could result in
competition or some statistical anomalies.

4.2.3.3 Bacteria
The experimental process used for the algae-metal interaction studies had been
established through the previous research and was relatively well known. There had
been no previous laboratory work undertaken in regards to bacterial communities under
these specific experimental circumstances, and the bacterial biomass was essentially
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considered another component or variable to add to the predominant algal focus of the
research. This had significant implications in the outcome of the work, simplifying the
bacteria importance, overall making the process more complicated and introducing more
steps in the methodological process.
The previous experiments in this area (Bai, 2005; Wille, 2004) used a single biological
component, the algae U. lactuca, in measuring a specific process, which were salinity
and nutrient variation effects on uptake rates of selenium and cadmium. The model for
this study used two biological components, the same species of algae, U. lactuca, and a
bacterial biomass cultured from seawater.
One of the aims of the research was to increase the understanding of the topic, and for
the purpose of this study it was an objective to be able to develop a sense of the
concentrations at which a bacterial community would affect the trace element uptake in
algae. The ability to predict this type of behaviour can be expressed by the capacity to
manage or predict the actual experimental variables themselves (Keppel, 1991). This
reflects the power or sensitivity of the experiment.
In that sense, this research did not meet the objective of being able to predict the
concentrations at which the bacterial community would affect trace element uptake in
algae. It can therefore be inferred that the experiment lacked the required sensitivity to
achieve this outcome and that must be addressed in any further research into this area.
This lack of sensitivity is most likely due to several elements such as not accounting for
the inherently dynamic nature and relationship of the biotic components, insufficient
information of the behaviour of the bacteria under experimental conditions, the character
and composition of the bacterial component and the cumulative interactions of the
different experimental components.
There were several issues relating to the bacterial component that should have been
addressed prior to the broader experimental work occurring, such as:
•

Using a single bacterial species versus a biomass;

•

Laboratory batch culture vs natural culture;

•

The reaction of the bacteria in experimental solution.
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4.2.3.4 Using a Bacterial Biomass
The bacterial component in the experiment consisted of a community cultured from a
seawater sample, which was chosen as it best reflected the uncontrolled biomass that
would be found in the environment, at least to a rough estimation. There was no species
typing done for the bacteria, only bacterial concentration in solution, and the samples
used to culture the bacteria were considered to be representative of that sampling
location on that particular day, as the seawater medium is not a homogenous body and
can vary substantially even within a distinct micro-system (Darley, 1982).
The seawater sample was used to culture bacterial inoculants that were utilised over the
course of the experiment. Due to the length of the experimental process, different Stock
Solutions were used on different Sampling Periods (they were each used at a similar
growth stage and concentration level, as measured by optical density and confirmed by
plating) so the actual composition of the communities could vary significantly.
While the different bacterial inoculants were cultured in an identical manner, they remain
a largely uncontrolled community and without substantial additional work it is difficult to
account for this; however, it may also account for some of the unusual bacterial results
in the data. This method is more reflective of actual communities found within the marine
environment than a laboratory batch culture, which is isolated from that environment, but
once removed from that environment they may no longer be representative.
Little was known about how these communities would behave in the experimental
media. The best way to manage this issue would be to run a series of preliminary
experiments to create a robust standardised bacterial community and to eliminate the
variable from the final experimental process. For example, a preliminary study could
research how the proposed bacterial communities grow in the Erlenmeyer flasks with
only the seawater media and Coatasil treatment present. Alternatively, a laboratory stock
solution of a single known species of bacteria could be used to minimise variables.
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4.2.3.5 Laboratory Batch Culture vs Natural Culture
It can be quite difficult to culture a viable bacterial community from a raw environmental
sample (Darley, 1982; N. Rogers, personal communication, 2006). It is a complicated
and problematic process to characterise the species composition and any species
dominance as they are dynamic and responsive to their environment, which means they
can be subject to rapid temporal change. Once again, this problem may be managed by
using a laboratory batch cultured of a known single bacterial species.
Batch cultures are commonly used because of their simplicity and their known capacity
for growth under uniform conditions. This is, however, offset by the fact that their
conditions rarely match those found naturally and their very uniformity is foreign to the
natural bacterial community (Lobban and Harrison, 1997; Rhee, 1989). In the natural
marine ecosystem there is a constant flow of material in and out of the system and it is
subject to large and unpredictable fluctuations to the environment, along with the microorganisms themselves being subjected to influences such as grazing and inter-species
competition (Lobban and Harrison, 1997; Rhee, 1989). This means that while using a
single species batch culture from a laboratory for the bacterial component may be a valid
option, it will come with its own issues when designing the experiment and interpreting
the resultant data.

4.2.3.6 How the Bacteria Reacts in Experimental Solution
Culture media are generally rich in nutrients, to compensate for lack of water movement
and exchange, but that such substitution can give precisely the same results with all
parameters is doubtful. Other culture conditions are also generally optimal, except for
the variable under study, and the results may not elucidate the behaviour of plants in the
field, which are subject to competition and often suboptimal conditions (Lobban and
Harrison, 1997).
None of this spatial and temporal variation is discernible in broad-scale, qualitative
descriptions. The mass of interacting processes examined and quantified during
laboratory experiments to test specific hypotheses are difficult to detail by simple
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observation (Underwood, 1994). Observations in the field are important to better
determine the interactions because of the simplicity of laboratory experimental
conditions in comparison with the complexity of the marine environment (Norton, 1997).
The actual concentrations used in the cultured bacterial inocula from the undiluted
samples were probably higher than those ordinarily found in coastal waters. Elevated
concentrations were required so as to provide significant difference between the
inoculum concentrations. If the concentration band was too narrow then meaningful
statistical analysis could not be undertaken for the results. These two elements, the
difficulty of culturing field samples and the elevated bacterial levels from environmental
norms, warrant further investigation prior to any future experiments in this area.

4.2.3.7 Sample Numbers
The numbers of samples used in the experiment were actually quite low and reduced
confidence in the results. The small sample size was a result of limitations in materials,
mainly the numbers of flasks available and the very short turn around time for their use.
They were being prepared over a couple of days and were constantly being cycled
through, meaning that out of about 45 flasks, at least 12 were in use at any one time,
with another set being ready for the next sampling stage and a final set being cleaned
and prepared for further experimental work.
While the scope of the experiment proved somewhat ambitious, the actual size of the
experimental run was too small. As this was the initial attempt of this type of experiment,
there was an unforeseen resource issues in terms of materials and space available,
which limited the practicality of its size. Usable space and the re-treatment of the flasks
limited the number of flasks available. As the treatments were three flasks each of a
Control, a High bacterial inoculant, a Medium bacterial inoculant and a Low bacterial
inoculant, 12 treated flasks were needed every second day.
The flasks took at least two days to acid wash, clean, dry and retreat ready for re-use.
This meant that no more than 12 flasks could be used at any one time, given there were
four different treatments, or the treated flasks would run out by the end of the
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experimental run. As each flask held three algal discs, this meant there were three sets
of samples for each treatment along with three algal discs for each sampling day. This
sample size of 3 was too small to get any statistical meaning in the results, which is a
major limitation of the experimental design.
However, an increase in the sample size would result in a significant increase in both
resources and time, mainly in relation to the bacterial component.

4.2.3.8 Design Complexity
While an increase in the sample size would make the dataset more robust it would also
increase the resource demand and complexity of the experiment. As it was, the main
experimental design used for the study was too complex and the scale of the work was
excessive, especially for an initial study into this area using two biological components.
The experiment should be broken down into more manageable elements that build upon
each other, particularly in regards to integrating the complex bacterial component issues
into the established algae experiment portion. This is further addressed in the following
Summary Section 4.2.3.9.

4.2.3.9 Summary
The results and issues examined in the discussion are briefly considered below with
notation on where modifications or additional work could be made to the experiment to
achieve a more accurate outcome.
Stage 1: Preliminary Experiment and Stage 2: Bacterial Enumeration identified
weaknesses within the projected experimental process mainly relating to the bacterial
component. The Stage 1: Preliminary Experiment was successful in improving basic
techniques, along with the need for real time bacterial concentration measurements and
the issue of compromising between sterile and non-sterile components.
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The Stage 2: Bacterial Enumeration results showed a strong positive correlation that
indicated that optical density measurements could be successfully used for
approximating real time bacterial concentrations in solution. This was an important step
in successfully undertaking the experimental design for the next experimental stage, the
actual measurements of cadmium and selenium uptake by the algae at differing
concentrations of bacteria.
The optical density and plate counts to determine bacterial concentration in solution
were the only measurements that were undertaken for the bacterial component, which
limited the knowledge available about the bacterial community and how it might behave
under experimental conditions. There may be an opportunity in later studies in this area
to better define different aspects of the bacterial inoculant that was cultured and used in
the experiment. These issues are further considered in Stage 3: Main Experiment as
they closely relate to some of the issues there, and are important as there is no measure
of the similarity between bacterial inoculants that are cultured sometimes days apart.
Similarly, the bacterial enumeration experiment was not repeated until it was
incorporated into the methodology of the Stage 3: Main Experiment. This could be
addressed by including additional research:
•

A separate study to repeat the use of optical density as a real time measure of
bacterial concentration in solution and concentrate on the issues involved,
including a comparison to other potential real time measuring techniques, would
add value to any following studies.

The results from Stage 3: Main Experiment demonstrated little or no growth of the algal
discs, from either Experiment 1 or Experiment 2, and there was no association between
algal growth and bacterial concentration. The previous studies (Bai, 2005, Wille, 2004)
both showed some initial growth of the algae in the experiment. It was noted during the
experiment that some of the algal discs when sampled were slightly discoloured or had a
bleached appearance with the loss of green pigment. This could be the result of
experimental stress or a combination of several other factors impacting on their health.
Further consideration could be given to the role of algae in an experiment, such as the
one used in this study that includes an extra biological component, such as:
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Investigate the use of a more controlled algal population of Ulva lactuca, by
growing a sample population outside of the environment and the laboratories,
which would allow for several elements:
o

The availability of algae at a similar growth stage and maturity;

o

Less abrasive climatic conditions would probably produce a healthier
plant, leading to a better leaf sample;

o

The algae would already be acclimatised to laboratory conditions,
reducing any displacement stress in resulting experiments;

o

Better able to control the bacterial conditions, resulting in less or known
loadings.

Furthermore, the bacterial concentration in solution standardised to a limited range (104
to 107) except for several 0 results. This mix of extreme failures for the bacterial results
(0 counts) and the differences in solution of the bacterial concentrations not being
maintained across the different inoculant treatments (Control, Low, Medium, and High),
once the extreme results were excluded, suggest a weakness within the experimental
design.
Given the apparent weakness of the bacterial component, further work should be done
in this area to develop baseline data about the bacterial component and how it behaves
under the experimental conditions, something that was lacking from this study, both
because it was the first time a bacterial component was used in the process and
because the extent of resources and complexity it introduced was not fully realised in the
initial planning. The work could be broken down into separate components:
•

Investigate the most suitable source of bacterial stock for the experiment;
o

Bacterial community cultured from an environmental seawater sample (as
was done for this study); or,

o

Laboratory stock culture of a known bacterial species.

o

Compare them for:


Viability,



Representative of natural communities,



Suitability for experimental work,



Their role in biochemical and trophic processes,
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Ease of culturing and sampling,



How they behave under experimental conditions, and



How sustainable are their communities over the period of an
experiment.

•

Define bacterial contamination from non-sterile components, e.g., algae discs,
Erlenmeyer flasks, filtered seawater media.

•

Investigate how to best maintain the stock solution of bacteria that will provide
the experimental inoculants, in particular regards to the following areas:
o

Defined growth, stationary and death phase, which can be achieved and
maintained throughout the experimental period;

o

Similar composition, e.g., if different stock solutions are used for
inoculants over the experimental period they should be sourced from the
same primary bacterial stock solution and not be too dissimilar in terms of
in species composition.

•

Investigate how the bacterial component interacts with the other experimental
elements, both as individual and multiple elements (e.g., nutrients, isotopes, and
temperature and light variations).

•

Investigate methods of sterilising the algal discs without impacting on their
viability.

•

Determine how the behaviour of the bacterial community responds under a
simulated flow regime (e.g., regularly changing the media and re-inoculating into
the experiment).

The results for cadmium uptake in the algae also showed some interesting aspects, in
that while a weak negative association between bacteria and cadmium was measured
this was not reflected in the ANOVA analysis, which indicated that cadmium uptake in
algae increased over time (consistent with the literature examined) but not over different
bacterial concentrations. Again, this is probably an anomaly caused by the lack of
significance between the bacterial treatments. Selenium uptake in algae did not vary
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significantly at all, in contrast to cadmium, and there was no measured association
between selenium and bacteria concentrations.
When the experimental design is evaluated, several issues become apparent: the design
was too complex for an initial experiment including two organisms, the algae and
bacterial community; not enough initial work was done on integrating the bacterial
component into the experimental process; sampling the discs from the experimental
flasks was a weakness; and the statistical power of the results should be increased by
increasing the sample and replicate numbers of the experiment. This last point regarding
the sample numbers is difficult to achieve without automatically increasing the resource
load and complexity. Some modifications that could be made are:
•

Investigate the optimum method for sampling flasks, in regards to sampling all
the discs from one flask or sampling a disc from each flask (as was done in this
study).

•

Increase numbers of experimental replicates to increase statistical integrity and
replication within the treatments.

•

Undertake a statistical analysis of the experimental model with a view to a costbenefit breakdown for resource use and developing a robust data set.

•

Examine breaking the main experiment down into component parts and running
them concurrently through a team approach, for example, one team would be
responsible for developing and maintaining the bacterial inoculant, one team
would do the initial statistical analysis, one team would do the algal and isotope
sampling.
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This study examined the question of how increasing concentrations of bacteria in the
water column may impact on the uptake of trace elements in algae. As the algae
function as primary producers and the bacteria have a vital biological role as
decomposers and nutrient recyclers, any impacts found at this level would be potentially
significant and could exert an influence up the trophic levels of marine environments.
Much of the research into this is concentrated on single-organism toxicity thresholds or
areas such as bioremediation and biomagnification.
The Research Question provided the primary focus of the study (Section 1.3: How does
the presence of differing concentrations of bacteria affect the uptake of selected trace
elements, cadmium and selenium, by algae?), while the secondary Objectives focused
on the methodological capacity to undertake such research along with some secondary
biological outcomes. The methodological processes were untried in the configuration of
the experimental design used for this study, which formed a significant portion of the
progress the research made.
The experimental results did not show a significant difference between the bacterial
treatments (Control, Low, Medium, and High) when measured from solution. The
bacterial treatments served as inoculants that would provide the basis of variance
measured within the study as all the other factors were kept constant across the
experiment design. It is difficult to determine the exact cause of the bacterial results
standardising across the data sets.
Given the difficulties of culturing robust bacterial cultures from seawater samples and
translocating them to a laboratory environment the influencing factors of the bacterial
results are probably multiple and varied. The natural environment of the biological
components, the algae U. lactuca and the bacterial communities, is quite diverse and
dynamic, subject to a wide range of often extreme environmental influences. The
experimental process was more controlled, putting the algae and bacteria through a
prescribed series of experimental stages that may have acted selectively, limiting
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particularly the bacterial component which had not been subject to this experimental
design previously, whereas similar previous studies had occurred with the algae under
these experimental conditions.
Based on the lack of difference between the bacterial results the key outcome of the
study was that the methods used were not able to answer the Research Question
(Section 1.3): How does the presence of differing concentrations of bacteria affect the
uptake of selected trace elements, cadmium and selenium, by algae? The study was
unable to meet some of the objectives in that it could not demonstrate if varying bacterial
concentrations could influence the algal uptake of cadmium and selenium for the Main
Experiment (Stage 3).
Thus, any differences in the trace element uptake were probably attributable to
mechanisms other than bacterial concentrations.
While the study could not resolve the Research Question, it was able to satisfy a number
of the Objectives that were outlined in Section 1.4. The study was valuable in identifying
issues specific to introducing a bacterial component into the algae-metal interaction, and
developed some experimental processes designed to manage this. Potential areas of
further research or refinement of the study area were identified under the Summary in
Section 4.2.3.9.
While the study did not successfully measure how bacteria may affect trace element
uptake in algae some success was obtained in developing additional methods for further
research into this area. The use of the Bacterial Enumeration process (Stage 2) in the
experiment was an important step in enabling real-time measurements of bacterial
concentrations in solution. The process could be further refined and tested for additional
integrity. Additionally, the overall process of the experiment was analysed and areas
were identified to strengthen the experimental design.
Similar to the effect of bacterial concentrations on algal uptake of trace elements, the
study was not able to determine if bacterial concentrations affected cadmium and
selenium concentrations in solution. The data proved inconclusive and positive results
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were not replicated in the repeat experiment. Further research could be done into this
area to shed more light on the processes involved.

5.2

Recommendations

Following the results and findings of this study plus the literature review of previous
research the following recommendations are made:
•

To undertake additional research on the topic of algae and bacterial interactions
with trace elements as guided by the modifications to the experimental design
suggested in Section 4.2.3.9 Summary. This would be with a view to improve the
quality and statistical integrity of the experimental processes and outcomes.

•

To undertake a further review of available literature and research to focus
particular attention on gaps uncovered in this study, such as; indirect
measurement of bacterial concentration – suitability of the optical density method
plus alternatives; experimental selectivity of organisms; impacts of translocation
of sensitive biological components to laboratory environments; and appropriate
sources of bacterial communities.

•

Investigate the opportunity to conduct the research under field conditions or in an
alternative environment, such as larger volume flow regime.

128

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

References
Alavi, M.R., (2004), Predator/Prey Interaction between Pfiesteria piscicida and
Rhodomonas Mediated by a Marine Alpha Proteobacterium, Microbial Ecology,
47, 48–58.
Allen, M.J., Edberg, S.C. and Reasoner, D.J., (2004), Heterotrophic plate count bacteria
– what is their significance in drinking water?, International Journal of Food
Microbiology, 92, 265 – 274.
Anderson, D.T., (1994), Modes of Animal Life, In: Marine Biology,(L.S. Hammond and
R.N.Synnot, Eds), Addison Wesley Longman Australia Pty Limited, South
Melbourne, Australia, pg 51-56.
Bai, M. 2005. Effect of salinity on the uptake of cadmium and selenium by the green
macro algae Ulva. MEnvSc Thesis, School of Earth and Environmental Sciences,
University of Wollongong, 101p.
Barkay, T., (1987), Adaptation of Aquatic Microbial Communities to Hg2+ Stress, Applied
and Environmental Microbiology, Dec. 1987, p. 2725-2732, Vol. 53, No. 12
Barwick, M. and Maher, W., (2003), Biotransference and biomagnification of selenium
copper, cadmium, zinc, arsenic and lead in a temperate seagrass ecosystem
from Lake Macquarie Estuary, NSW, Australia Marine Environmental Research,
56, 471–502.
Bianchi, A. and Giuliano, L., (1996), Enumeration of Viable Bacteria in the Marine
Pelagic Environment, Applied and Environmental Microbiology, 62, pp.174-177.
Boisson, F., Hutchins, D.A., Fowler, S.W., Fisher, N.S., and Teyssie, J.-L., (1997),
Influence of temperature on the accumulation and retention of 11 radionuclides
by the marine alga Fucus vesiculosus (L.). Marine Pollution Bulletin, 35, 313-321.

129

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Bourg, A.C.M. and Loch, J.P.G. (1995). Mobilisation of Heavy Metals as Affected by pH
and Redox Conditions. In: Biogeodynamics of Pollutants in Soils and Sediment
(Dr W. Salomons and Prof. Dr. W.M. Stigliani, Eds). Springer-Verlag Berlin
Heidelberg, Germany, pp 567-586.
Broadaway, S.C., Barton, S.A., and Pyle, B.H., (2003), Rapid Staining and Enumeration
of Small Numbers of Total Bacteria in Water by Solid-Phase Laser Cytometry,
Applied and Environmental Microbiology, 69, 4272–4273.
Brown, T.L. and LeMay, Jr., H.R. (1985). Chemistry: the Central Science, Third Edition.
Prentice-Hall, Inc., Englewood Cliffs, New Jersey.
Burgess, R.M. and Scott, K.J. (1992). The Significance of In-Place Contaminated Marine
Sediments on the Water Column: Processes and Effects. In: Sediment Toxicity
Assessment (G.A. Burton, Jr, Ed). Lewis Publishers, Inc. Chelsea, pp 129-182.
Burton, Jr, G.A. (1992). Sediment Collection and Processing. In: Sediment Toxicity
Assessment (G.A. Burton, Jr, Ed). Lewis Publishers, Inc. Chelsea, pp 37-49.
Carlot, M., Giacomini, A., and Casella, S., (2002). Aspects of Plant-Microbe Interactions
in Heavy Metal Polluted Soil. Acta Biotechnol., 22, 13-20.
Cassler, M., Peterson, C.L., Ledger, A., Pomponi, S.A., Wright, A.E., Winegar, R.,
McCarthy, P.J., and Lopez, J.V., (2008), Use of Real-Time qPCR to Quantify
Members of the Unculturable Heterotrophic Bacterial Community in a Deep Sea
Marine Sponge, Vetulina sp, Microb Ecol, 55:384–394.
Chan, S.M., Wang, W.X. and Ni, I.H., (2003), The Uptake of Cd, Cr and Zn by the
Macroalga Enteromorpha crinite and subsequent transfer to the Marine
Herbivous Rabbitfish, Siganus canaliculatus, Archives of Environmental
Contamination and Toxicology, 44, 298-306.
Chang, J.S., Law, R. and Chang, C.C., (1997), Biosorption of lead, copper and cadmium
by biomass of Pseudomonas aeruginosa Pu21, Wat. Res., 31, 1651-1658.

130

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Chojnacka, K., Chojnacki, A., and Gorecka, H., (2005), Biosorption of Cr3+, Cd2+ and
Cu2+ ions by blue–green algae Spirulina sp.: kinetics, equilibrium and the
mechanism of the process, Chemosphere, 59, 75–84.
Costilow, R.N., (1981), Biophysical Factors in Growth. In: Manual of Methods for
General Bacteriology, (Gerhardt, P., Murray, R.G.E., Costilow, R.N., Nester,
E.W., Wood, W.A., Kreig, N.R., and Phillips, G.B., Eds), American Society for
Microbiology, pp 66-78.
Croteau, M.N., Hare, L., and Tessier, A., (1998), Refining and Testing a Trace Metal
Biomonitor (Chaoborus) in Highly Acidic Lakes, Environ. Sci. Technol. 1998, 32,
1348-1353.
Darley, W.M. (1982). Algal Biology: a physiological approach. Blackwell Scientific
Publications, Oxford.
Darnall, D.W., Green, B., Henzl, M.T., Hosea, J.M., McPherson, R.A., Sneddon, J., and
Alexander, M.D., (1986). Selective Recovery of Gold and Other Metal Ions from
an Algal Biomass. Environmental Science & Technology., 20, 206-208.
DeNicola, D.M. and Stapleton, M.G., (2002), Impact of acid mine drainage on benthic
communities in streams: the relative roles of substratum vs aqueous effects.
Environmental Pollution, 119, 303-315.
Desya, J.C., Amyota, M., Pinel-Alloula, B., Campbell, P.G.C., (2002), Relating cadmium
concentrations in three macrophyte-associated freshwater invertebrates to those
in macrophytes, water and sediments, Environmental Pollution, 120, 759–769.
Diaz, R.J. (1992). Ecosystem Assessment Using Estuarine and Marine Benthic
Community Structure. In: Sediment Toxicity Assessment (G.A. Burton, Jr, Ed).
Lewis Publishers, Inc. Chelsea. pp 67-87.

131

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Diaz-Ravina, M. and Bååth, E., (2001), Response of soil bacterial communities preexposed to different metals and reinoculated in an unpolluted soil, Soil Biology &
Biochemistry, 33, 241-248.
Diaz-Mavina, M., Baath, E., and Frostegard, A., (1994), Multiple Heavy Metal Tolerance
of Soil Bacterial Communities and Its Measurement by a Thymidine Incorporation
Technique, Applied and Environmental Microbiology, 60, 2238-2247.
Doelman, P. (1995). Microbiology of Soil and Sediments. In: Biogeodynamics of
Pollutants in Soils and Sediment (Dr W. Salomons and Prof. Dr. W.M. Stigliani,
Eds). Springer-Verlag Berlin Heidelberg, Germany.
Dungan, R.S., and Frankenberger, Jr, W.T., (2001). Biotransformations of selenium by
Enterobacter cloacae SLD1a-1: Formation of dimethylselenide. Biogeochemistry,
55, 73–86.
Ehrlich, H.L., Oremland, R.S., Zehr, J.P., (2001), Biogeochemical Cycles, Encyclopaedia
of Life Sciences.
Farkas, J., Andrassy, E., Beczner, J., Vidacs, I., and Meszaros, L., (2002), Utilizing
luminometry for monitoring growth of Listeria monocytogenes in its liquid or
gelified monocultures and cocultures with ‘‘acid-only’’ Lactococcus lactis,
International Journal of Food Microbiology 73, 159– 170
Favero, N. and Frigo, M.G., (2002), Biomonitoring of metal availability in the southern
basin of the lagoon of Venice (Italy) by means of macro algae, Water, Air, and
Soil Pollution, 140: 231–246.
Febrianto, J., Kosasih, A.N., Sunarso, J., Ju, H.Y., Indraswati, N, and Ismadji, S., (2009),
Review: Equilibrium and kinetic studies in adsorption of heavy metals using
biosorbent: A summary of recent studies, Journal of Hazardous Materials 162,
616–645.
Fenchel, T. (2001). Bacterial Ecology. Encylcopedia of Life Sciences, Nature Publishing

132

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Group.
Fenchel, T., King, G.M. and Blackburn, T.H. (1998). Bacterial Biochemistry. Academic
Press, California.
Ferianc, P., Farewell, A. and Nystrom, T., (1998), The cadmium-stress stimulon of
Escherichia coli K-12, Microbiology, 144, 1045–1050.
Fernandez-Leborans, G. and Herrero, Y.O. (1999). Toxicity and Bioaccumulation of
Cadmium in Marine Protozoa Communities. Ecotoxicology and Environmental
Safety, 43, 292-300.
Flint, S., Drocourt, J.L., Walker, K., Stevenson, B., Dwyer, M., Clarke, I., andMcGill, D.,
(2006), A rapid, two-hour method for the enumeration of total viable bacteria in
samples from commercial milk powder and whey protein concentrate powder
manufacturing plants, International Dairy Journal 16, 379–384.
Forstner, U., (1980), Cadmium in Polluted Sediments, Cadmium in the Environment:
Part I: Ecological Cycling (Nriagu, J.O., Ed), John Wiley & Sons, Inc., pp 305363.
Friberg, Dr. L., Elinder, Dr. C.G. and Kjellstrom, Dr. T. (1992). Cadmium. International
Programme on Chemical Safety, World Health Organisation.
Fritioff, A., Kautsky, L., and Greger, M., (2004), Influence of temperature and salinity on
heavy metal uptake by submersed plants. Environmental Pollution, 133, 265-274.
Fry, J.C., (1988) Determination of Biomass, In: Methods in Aquatic Bacteriology
Edited by B. Austin, John Wiley & Sons Ltd, London.
Ganguly, S., and Jana, B.B., (2002). Cadmium induced adaptive responses of certain
biogeochemical cycling bacteria in an aquatic system. Water Research, 36,
1667–1676

133

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Gillan, D.C., Danis, B., Pernet, P., Joly, G., and Dubois, P., (2005), Structure of
Sediment-Associated Microbial Communities along a Heavy-Metal
Contamination Gradient in the Marine Environment, Applied and Environmental
Microbiology, 71, 679–690.
Girotti, S., Ferri, E.N., Fumo, M.G., Maiolini, E., (2008), Review: Monitoring of
environmental pollutants by bioluminescent bacteria, Analytica Chimica Acta,
608, 2–29.
Gorman, M., (1993), Environmental Hazards – Marine Pollution. ABC-CLIO, Inc.
California. Colorado. England, pp. 11-17.
Gosselin, M., Bouquegneau, J.M., Lefèbvre, F., Lepoint, G., Pergent, G., PergentMartini, C., and Gobert, S., (2006), Research article: Trace metal concentrations
in Posidonia oceanica of North Corsica (northwestern Mediterranean Sea): use
as a biological monitor?, BMC Ecology, 6:12.
Greger, M., (1999), Metal availability and bioconcentration in plants. In: Heavy Metal
Stress in Plants: From Molecules to Ecosystems, (Prasad, M.N.V., and
Hagemeyer, J., Eds) Berlin: Springer-Verlag, pp 1-27.
Grossart, H.P., Kiørboe, T., Tang, K., and Ploug, H., (2003), Bacterial Colonization of
Particles: Growth and Interactions, Applied and Environmental Microbiology, 69,
3500–3509.
Haglund, A.-L. and Hillebrand, H., (2005), The effect of grazing and nutrient supply on
periphyton associated bacteria, FEMS Microbiology Ecology, 52, 31-41.
Hale, R., (2005), Investigating Statistics,
http://espse.ed.psu.edu/edpsych/faculty/rhale/statistics/investigating.htm
Hao, Z.H., Reiske, H.R. & Wilson, D.B (1999). Characterization of Cadmium Uptake in
Lactobacillus plantarum and Isolation of Cadmium and Manganese Uptake
Mutants. Applied and Environmental Microbiology, 65, 4741–4745.

134

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Harris, P.O. and Ramelow, G.J., (1990), Binding of Metal Ions by Particulate Biomass
Derived from Chlorella vulgaris and Scenedesmus quadricauda. Environmental
Science & Technology. 24, 220-228.
Hartikainen, H. (2005). Biogeochemistry of selenium and its impact on food chain quality
and human health. Journal of Trace Elements in Medicine and Biology, 18, 309–
318.
Hashim, M.A., and Chu, K.H., (2004), Biosorption of cadmium by brown, green, and red
Seaweeds, Chemical Engineering Journal, 97, 249–255.
Hassen, A., Saidi, N., Cherifh, M. and Boudabous, A., (1998). Effects of heavy metals on
Pseudomonas aeruginosa and Bacillus thuringiensis. Bioresource Technology,
65, 73-82.
Hatcher, Dr B.G. (1994). Nutrient cycling and organic production. In: Marine Biology
(L.S. Hammond and R.N.Synnot, Eds), Addison Wesley Longman Australia Pty
Limited, South Melbourne, Australia, pp107-130.
Hempel, M., Blume, M., Blindow, I., and Gross, E.M., (2008), Epiphytic bacterial
community composition on two common submerged macrophytes in brackish
water and freshwater, BMC Microbiology, 8:58.
Herbert, R.A., (1990), Methods for Enumerating Microorganisms and Determining
Biomass in Natural Environments. In: Methods in Microbiology Volume 22:
Techniques in Microbial Ecology, (Grigorov, R. and Norris, J.R., Eds), Academic
Press Limited, London, pp1-39.
Higashi, R.M., Cassel, T.A., Skorupa, J.P., Fan, T.W.-M., (2005), Remediation and
Bioremediation of Selenium-Contaminated Waters, In: Water
Encyclopedia:Water Quality and Resource Development, J.H. Lehr and J. Keeley
(Eds.), Wiley, Hoboken, NJ, pp. 355-360.
Hima, K.A., Srinivasa, R.R., Vijaya, S.S., Jayakumar, S.B., Suryanarayana, V. and

135

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Venkateshwar, P., (2007), Biosorption: An eco-friendly alternative for heavy
metal Removal, African Journal of Biotechnology, 6, 2924-2931.
Hoffman, D.J., (1995) Handbook of Ecotoxicology. CRC Press, Inc. Boca Raton, Florida.
Hoffman, D.J., Rattner, B.A., Burton, Jr, G.A. and Cairns, Jr, J. (1995). Handbook of
Ecotoxicology. CRC Press, Inc. United States of America.
Hu, S., Tang, C.H., Wu, M., (1996), Cadmium accumulation by several seaweeds,
The Science of the Total Environment, 6, 5-71.
Hughes, M.N. and Poole, R.K. (1989). Metals and Micro-organisms. Chapman and Hall,
London.
Ike, M., Takahashi, K., Fujita, T., Kashiwa, M., and Fujita, M., (2000). Selenate
reduction by bacteria isolated from aquatic environment free from selenium
contamination. Wat. Res., 34, 3019-3025.
Joint, I., Tait, K., and Wheeler, G., (2007), Cross-kingdom signalling: exploitation of
bacterial quorum sensing molecules by the green seaweed Ulva, Phil. Trans. R.
Soc. B, 362, 1223–1233
Jonas, R.B., Gilmour, C.C., Stoner, D.L., Weir, M.M., and Tuttle, J.H., (1984),
Comparison of Methods to Measure Acute Metal and Organometal Toxicity to
Natural Aquatic Microbial Communities, Applied and Environmental Microbiology,
47, 1005-1011.
Kadukovaa, J. and Vircıkova, E., (2005), Comparison of differences between copper
bioaccumulation and biosorption, Environment International 31, 227– 232.
Kalid, R.A. (1980). Chemical Mobility of Cadmium in Sediment-Water Systems. In:
Cadmium in the Environment, Part 1: Ecological Cycling (J.O. Nriagu, Ed). John
Wiley and Sons, Inc. pp 257-304.

136

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Karrupiah,M., and Gupta, G., (1997), Chronological changes in toxicity of and heavy
metals in sediments of two Chesapeake Bay tributaries, Journal of Hazardous
Materials 59, 159–166.
Kaulbach, E.S., Syzmanowski, J.E.S. and Fein, J.B., (2005), Surface Complexation
Modelling of Proton and Cd Adsorption onto an Algal Call Wall, Environmental
Science and Technology, 39, 4060-4065.
Kennish, M.J. (1990). Ecology of Estuaries, Volume II: Biological Aspects. CRC Press,
Inc. Florida.
Kennish, M.J. (1992). Ecology of Estuaries: Anthropogenic Effects. CRC Press LLC,
Florida.
Kent, A.D., Jones, S.E., Yannarell, A.C., Graham, J.M., Lauster, G.H., Kratz, T.K, and
Triplett, E.W., (2004), Annual Patterns in Bacterioplankton Community Variability
in a Humic Lake, Microbial Ecology, 48, 550-560.
Keppel, G, (1991), Design and Analysis: A Researcher’s Handbook (3rd Ed.), PrenticeHall, Inc., New Jersey.
Kimball, J.W. (1983). Biology. Addison Wesley Publishing Company, Inc, United States
of America.
Kisand, V. and Noges, T., (2004), Abiotic and biotic factors regulating dynamics of
bacterioplankton in a large shallow lake, Microbiology Ecology, 50, 51-62.
Klimmek, S., Stan, H.J., Wilke, A., Bunke, G., and Buchholz, R. (2001). Comparative
analysis of the biosorption of cadmium, lead, nickel, and zinc by algae. Environ.
Sci. Technol., 35, 4283-4288.
Knotek-Smith, H.M., Deobald, L.A., Ederer, M., and Crawford, D.L., (2002). Cadmium
stress studies: Media development, enrichment, consortia analysis, and
environmental relevance. BioMetals, 16, 251–261.

137

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Krieg, N.R., (1981), Enrichment and Isolation, In: Manual of Methods for
General Bacteriology, (Gerhardt, P., Murray, R.G.E., Costilow, R.N., Nester,
E.W., Wood, W.A., Kreig, N.R., and Phillips, G.B., Eds), American Society for
Microbiology, pg 112-140.
Lam, C., and Harder, T., (2007), Marine macro algae affect abundance and community
richness of bacterioplankton in close proximity, J. Phycol. 43, 874–881.
Lam, C., Stang, A., and Harder, T., (2008), Planktonic bacteria and fungi are selectively
eliminated by exposure to marine macro algae in close proximity, FEMS
Microbiol Ecol, 63, 283–291.
Langston, W.J., and Spence, S.K., (1995), Biological Factors involved in metal
concentrations observed in aquatic organisms. In: Metal Speciation and
Bioavailability in Aquatic Systems, edited by Tessier, A. and Turner, D.R. New
York: John Wiley & Sons, Inc., 407-478.
Lee, J., Bae. H., Jeong, J., Lee, J-Y., Yang, Y-Y., Hwang, I., Martinoia, E., and Lee, Y.,
(2003), Functional Expression of a Bacterial Heavy Metal Transporter in
Arabidopsis Enhances Resistance to and Decreases Uptake of Heavy Metals,
Plant Physiology, 133, 589–596.
Lee, W.Y. and Wang, W.X., (2001), Metal accumulation in the green macroalga Ulva
fasciata: effects of nitrate, ammonium and phosphate, The Science of the Total
Environment, 278, 11-22.
Lemly, D., (1997). Environmental Implications of Excessive Selenium: A Review.
Biomedical and Environmental Sciences 10. 415-435.
Levine, H.G., (1984). The use of seaweeds for monitoring coastal waters. In: Algae as
ecological indicators. Shubert, L.E. (Ed.). Academic Press. London. Orlando. San
Diego. San Francisco. New York. Toronto. Montreal. Sydney. Tokyo. Sao Paulo.
pp 189-210.

138

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Lewin, R.A. and Borowitzka, M.A., (2001). Phycology. Encyclopaedia of Life Sciences,
Nature Publishing Group.
Livingston, R.J. (2003). Trophic Organisation in Coastal Systems. CRC Press LLC,
Florida.
Lobban, C.S. and Harrison, P.J. (1997). Seaweed Ecology and Physiology. Cambridge
University Press, Cambridge.
Locarnini, S.J.P., and Presley, B.J, (1996), Mercury Concentrations in Benthic
Organisms from a Contaminated Estuary, Marine Environmental Research, 41,
225-239.
Lodeiro et al, (2005), P. Lodeiro, B. Cordero, J.L. Barriada, R. Herrero, M.E. Sastre de
Vicente, Biosorption of cadmium by biomass of brown marine macro algae,
Bioresource Technology, 96, 1796–1803.
Long, R.A. and Azam, F., (2001), Antagonistic Interactions among Marine Pelagic
Bacteria, Applied and Environmental Microbiology, 67, 4975–4983.
Lovley, D.R., (1993), Dissimilatory Metal Reduction, Annual Reviews Microbial., 47, 26390.
Lozanoa, G., Hardisson, A., Gutierez, A.J., and Lafuentec, M.A. (2003). Lead and
cadmium levels in coastal benthic algae (seaweeds) of Tenerife, Canary Islands.
Environment International, 28, 627– 631.
Lucas, F.S. and Hollibough, J.T. (2001). Response of sediment bacterial assemblages
to selenate and acetate amendments. Environ. Sci. Technol., 35, 528-534.
McLeese, D.W., Sprague, J.B. and Ray, S., (1987). Effects of Cadmium on marine biota.
In: Cadmium in the aquatic environment. Nriagu, O.J., Sprague, J.B. (eds). John
Wiley & Sons. New York. pp 171-198.

139

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

MacFarlane, G.R., Schreider, M., McLennan, B., (2006), Biomarkers of Heavy Metal
Contamination in the Red Fingered Marsh Crab, Parasesarma erythodactyla.
Arch. Environ. Contam. Toxicol., 51, 584–593.
Macinnis-Ng, C.M.O, and Ralph, P.J., (2002), Towards a more ecologically relevant
assessment of the impact of heavy metals on the photosynthesis of the seagrass,
Zostera capricorni, Marine Pollution Bulletin, 45, 100–106.
Malea, P. and Haritonidis, S., (2000), Use of the green alga Ulva rigida as an indicator
species to reassess metal pollution in the Thermaikos Gulf, Greece, after 13
years. Journal of Applied Phycology, 12, 169–176.
Marshall, K., Joint, I., Callow, M.E., and Callow, J.A., (2006), Effect of Marine Bacterial
Isolates on the Growth and Morphology of Axenic Plantlets of the Green Alga
Ulva linza. Microbial Ecology, 52, 302–310.
Matsuo, Y., Suzuki, M., Kasai, H., Shizuri, Y., and Harayama, S., (2003), Isolation and
phylogenetic characterization of bacteria capable of inducing differentiation in the
green alga Monostroma oxyspermum. Environmental Microbiology, 5, 25–35.
Megharaj, M., Ragusa, S.R. and Naidu, R., (2003), Metal-Algae Interactions:
Implications of Bioavailability. In: Bioavailability, Toxicity and Risk Relationships
in Ecosystems (R. Naidu, V.V..R. Gupta, S. Rogers, R.S. Kookana, N.S. Bolan &
D.C. Adriano, Eds), Science Publishers, Inc. Enfield (NH), USA, pp 109-144.
Metian, M., Giron, E., Borne, V., Hédouin, L., Teyssié, J.T., Warnau, M., (2008), The
brown alga Lobophora variegata, a bioindicator species for surveying metal
contamination in tropical marine environments, Journal of Experimental Marine
Biology and Ecology, 362, 49-54.
Metian, M., and Warnau, M., (2008), The Tropical Brown Alga Lobophora variegata
(Lamouroux) Womersley: A Prospective Bioindicator for Ag Contamination in
Tropical Coastal Waters, Bull Environ Contam Toxicol, 81:455–458.

140

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Moestrup, O. (1999). Algae: Phylogeny and Evolution. Encyclopaedia of Life Sciences,
Mohamed, Z.A., (2001), Removal of Cadmium and Manganese by a non-toxic strain of
the freshwater cyanobacterium gloeothece magna. Water Resources, 35,
4405–4409.
Molina-Montenegro, M.A., Muñoz, A.A., Badano, E., Morales, B.W., Fuentes, K.M., and
Cavieres, L.A., (2005), Positive associations between macroalgal species in a
rocky intertidal zone and their effects on the physiological performance of Ulva
lactuca, Marine Ecology Progress Series, 292, 173–180.
Nakanishi, K., Nishijima, M., Nomoto, A.M., Yamazaki, A. and Saga, N., (1999),
Requisite Morphologic Interaction for Attachment between Ulva pertusa
(Chlorophyta) and Symbiotic Bacteria, Mar. Biotechnol., 1, 107–111.
Nelson, T.A. and Lee, D.J., (2003), Are “green tides” harmful algal blooms? Toxic
properties of water-soluble extracts from two bloom-forming macro algae, ulva
fenestrate and ulvaria obscura (ulvophyceae), Journal of Phycology 39, 874–879.
Nikolaev, Y.A., Plakunov, V.K., Voronina, N.A., Nemtseva, N.V., Plotnikov, A.O.,
Gogoleva, O.A., Muraveva, M.E., and Ovechkina, G.V., (2008), Effect of
Bacterial Satellites on Chlamydomonas reinhardtii Growth in an Algo–Bacterial
Community, Microbiology, 77, 78–83.
Norton, T.A., (1997), The rocky intertidal zone. In: Seaweed Ecology and Physiology
(Lobban, C.S. and Harrison, P.J., Eds) University of Guam/University of British
Columbia.
Pacheco, C.C., Alves, C.C., Barreiros, L., Castro, P.M.L. and Teixeira, P.C.M., (2003),
Epifluorescence microscope methods for bacterial enumeration in a
4-chlorophenol degrading consortium, Biotechnology Letters 25: 2089–2092.
Pardo, R., Herguedas, M., Barrado, E., and Vega, M., (2003). Biosorption of cadmium,

141

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

copper, lead and zinc by inactive biomass of Pseudomonas Putida. Anal Bioanal
Chem, 376, 26–32.
Paul, V.J., and Ritson-Williams, R., (2008), Marine chemical ecology, Nat. Prod. Rep.,
2008, 25, 662–695
Pena-Castro, J.M., Martınez-Jeronimo, F., Esparza-Garcıa, F., Canizares-Villanueva,
R.O., (2004), Heavy metals removal by the microalga Scenedesmus
incrassatulus in continuous cultures, Bioresource Technology, 94, 219–222.
Pernthaler, A., Preston, C.M., Pernthaler, J., DeLong, E.F., and Amann, R., (2002),
Comparison of Fluorescently Labelled Oligonucleotide and Polynucleotide
Probes for the Detection of Pelagic Marine Bacteria and Archaea, Applied and
Environmental Microbiology, 68, 661–667.
Peters, G.M/, Maher, W.A., Krikowa, F., Roach, A.C., Jeswani, H.K., Barford, J.B.,
Gomes, V.G., Reible, D.D., (1999), Selenium in sediments, pore waters and
benthic infauna of Lake Macquarie, New South Wales, Australia, Marine
Environmental Research, 47, 491-508.
Phillips, D.H.J. (1980). Toxicity and Accumulation of Cadmium in Marine and Estuarine
Biota. In: Cadmium in the Environment, Part 1: Ecological Cycling (J.O. Nriagu,
Ed). John Wiley and Sons, Inc., pp 425-570.
Phillips, J.A. (1988). Field, anatomical and developmental studies on southern Australian
species of Ulva (Ulvaceae, Chlorophyta). Australian Systematic Botany, 1, 411456.
Phillips, D.J.H., (1990) Toxicity and accumulation of cadmium in marine and estuarine
biota. In: Cadmium in the Environment, Part 1: Ecological Cycling (J.O. Nriagu,
Ed). John Wiley and Sons, Inc. pp 425-569.
Phillips, D.J.H., (1994), Macrophytes as biomonitors of trace metals. In: Biomonitoring of

142

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Coastal Waters and Estuaries, (Kramer, K.J.M., Ed) Boca Raton, Florida: CRC
Press, pp 85-106.
Phillips, D.J.H. and Rainbow, P.S. (1993). Biomonitoring of Trace Aquatic Contaminants.
Chapman and Hall, Oxford.
Poikolainen, J., (2004), Mosses, epiphytic lichens and tree bark as biomonitors for air
pollutants – specifically for heavy metals in regional surveys, Faculty of Science,
University of Oulu, Department of Biology, University of Oulu, Finland 2004.
Power, E.A. and Chapman, P.M. (1992). Assessing Sediment Quality. In: Sediment
Toxicity Assessment (G.A. Burton, Jr, Ed). Lewis Publishers, Inc. Chelsea, pp 122.
Pronk, M., Goldscheider, N., and Zopfi, J., (2006), Dynamics and interaction of organic
carbon, turbidity and bacteria in a karst aquifer system, Hydrogeological Journal,
14, 473-484.
Rainbow, P.S, (1995), Biomonitoring of heavy metal availability in the marine
environment. Marine Pollution Bulletin, 31, 183.
Rao, D., Webb, J.S., and Kjelleberg, S., (2006), Microbial Colonization and Competition
on the Marine Alga Ulva australis, Applied and Environmental Microbiology, Aug.
2006, p. 5547–5555 Vol. 72, No. 8
Raven, J.A., (2001), Algal Metabolism, Encyclopaedia of Life Sciences, Nature
Publishing Group.
Rhee, G.Y., (1989), Continuous culture algal bioassays for organic pollutants in aquatic
Ecosystems. In: Environmental Bioassay Techniques and their Application,
Munawar, M., Dixon, G., Mayfield, C.I., Reynoldson, T., and Sadar, M.H., Eds)
Proceedings of the 1st International Conference held in Lancaster, England, 1114 July 1988, pp 247-258.

143

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Roane, T.M. and Pepper, I.L. (1999). Microbial Responses to Environmentally Toxic
Cadmium. Microbial Ecology, 38, 358–364
Roberts, D.A., Johnston, E.L., Poore, A.G.B., (2008), Biomonitors and the assessment
of ecological impacts: Distribution of herbivorous epifauna in contaminated
macroalgal beds, Environmental Pollution, 156, 1-15.
Robertson, A.I. and Hatcher, B.G., (1994) Trophic relations, food webs and material
flows, In: Marine Biology, (L.S. Hammond and R.N.Synnot, Eds), Addison
Wesley Longman Australia Pty Limited, South Melbourne, Australia, pg 131-151.
Rooney-Varga, J.N., Giewat, M.W., Savin, M.C., Sood, C., LeGresley, M., and Martin,
J.L., (2005), Links between Phytoplankton and Bacterial Community Dynamics
in a Coastal Marine Environment, Microbial Ecology, 49, 163–175.
Russell-Hunter, W.D. (1970). Aquatic Productivity: an introduction to some basic aspects
of biological oceanography and limnology. Macmillan Publishing Co, Inc., New
York.
Sadiq, M. (1992). Toxic Metal Chemistry in Marine Environments. Marcel Dekker, Inc.
New York.
Sauve, S., (2003), The Role of Chemical Speciation in Bioavailability, In: Bioavailability,
Toxicity and Risk Relationships in Ecosystems; Editors (R. Naidul, V.V.5.R..
Guptal, S. Rogers, R.S. Kookana, N.S. Bolan & D.C. Adriano), Science
Publishers, Inc. Enfield (NH), USA Plymouth, UK, pp 59-82.
Schiewer, S., and Wong, M.H., (2000), Ionic strength effects in biosorption of metals by
marine algae, Chemosphere, 41, 271-282.
Schneider, J., and Rheinheimer, G., (1988), Isolation Methods, In: Methods in Aquatic
Bacteriology, Edited by B. Austin, John Wiley & Sons Ltd.
Sharma, P.K., Balkwill, D.L., Frenkel, A. and Vairavamurthy, M.A. (2000). A new

144

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

Klebsiella planticola strain (Cd-1) grows anaerobically at high cadmium
concentrations and precipitates cadmium sulfide. Applied and Environmental
Microbiology, 66, 3083–3087.
Shehata, S.A., Lasheen, M.R., Kobbia, I.A., and Ali, G.H., (1999), Toxic effects of certain
metals mixture on some physiological and morphological characteristics of
freshwater algae, Water, Air and Soil Pollution, 110,119-135.
Smiejan, A., Wilkinson, K.J. and Rossier, C., (2003), Cd Bioaccumulation by Freshwater
Bacterium, Rhodospirillum rubrum, Environmental Science Technology, 37, 701706.
Sokolowskia, A., Richarda, P., Fichet, D., Radenac, G., (2005), Cd transfer in the
deposit-feeder Prosobranch Hydrobia ulvae (Pennant) from benthic diatoms: the
kinetics of rapid Cd assimilation and efflux, Journal of Experimental Marine
Biology and Ecology, 317, 159– 174.
Stewart, F.J., and Fritsen, C.J., (2004), Bacteria-algae relationships in Antarctic sea ice,
Antarctic Science, 16, 143–156.
Stewart, G.M., Fowler, S.W., Teyssié, J-L., Cotret, O, Cochran, J.K., Fisher, N.S.,
(2005), Contrasting transfer of polonium-210 and lead-210 across three trophic
levels in marine plankton, Marine Ecology Progress Series, 290, 27–33.
Stolz JF, Oremland RS (1999) Bacterial respiration of arsenic and selenium. FEMS
Microbiol Rev, 23, 615–627.
Stolz, J.F, Basu, P. and Oremband, R.S. (2002). Microbial transformation of elements:
the case of arsenic and selenium. Int Microbiol, 5, 201–207.
Szefer, P., Geldon, J., Hallera, Ali, A.A., Osuna, Ruiz-Fernandes, A.C., and Galvan,
G., (1997), Distribution and association of trace metals in soft tissue and byssus
of Mytella strigata and other benthal organisms from Mazatlan Harbour,

145

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

mangrove lagoon of the northwest coast of Mexico, Environment International,
24, 359-374.
Tada, Y., Kobata, T., and Nakaoka, C., (2001), A simple and easy method for the
monitoring of environmental pollutants using oligotrophic bacteria, Letters in
Applied Microbiology, 32, 12-15.
Tortora, G.J., Funke, B.R. and Case, C.L. (1986). Microbiology: An Introduction. The
Benjamin/Cummings Publishing Company, California.
Trevors, J.T. (1989). The role of microbial metal resistance and detoxification
mechanisms in environmental bioassay research. In: Environmental Bioassay
Techniques and their Application (M. Munawar, G. Dixon, C.I. Mayfield, T.
Reynoldson and M.H. Sadar, Eds). Kluwer Academic Publishers, Dordrecht, pp
143-148.
Tso, S.F., Taghon, G.L., (1997), Enumeration of Protozoa and Bacteria in Muddy
Sediment, Microb Ecol, 33:144–148
Turner, A., Lewis, M.S., Shams, L, Brown, M.T., (2007), Uptake of platinum group
elements by the marine macroalga, Ulva lactuca. Marine Chemistry, 105, 271–
280.
Turner, R.J., Weiner, J.H. and Taylor, D.E. (1998). Selenium metabolism in Escherichia
coli. BioMetals, 11, 223–227.
Underwood, A., (1994) Rocky intertidal shores, In: Marine Biology (L.S. Hammond and
R.N. Synnot, Eds), Addison Wesley Longman Australia Pty Limited, South
Melbourne, Australia, pp 274-296.
Valiela, I. (1995). Marine Ecological Processes. Springer-Verlag, New York, In.
Van den Meersche, K., Middelburg, J.J., Soetaert, K., van Rijswijk, P., and Boschker,

146

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

H.T.S., (2004), Carbon-nitrogen coupling and algal-bacterial interactions during
an experimental bloom: Modeling a 13C tracer experiment. Limnol. Oceanogr.,
49, 862–878.
van Hullebusch, E.D., Lens, P.N.L., and Tabak, H.H., (2005), Developments in
bioremediation of soils and sediments polluted with metals and radionuclides. 3.
Influence of chemical speciation and bioavailability on contaminants
immobilization/mobilization bio-processes, Reviews in Environmental Science &
Bio/Technology, 4:185–212.
Vaulot, D., (2001), Phytoplankton, Encyclopedia of Life Sciences, 2001.
Vazquez-Domınguez, E., Casamayor, E.O., Catala, P., and Lebaron, P., (2005),
Different Marine Heterotrophic Nanoflagellates Affect Differentially the
Composition of Enriched Bacterial Communities, Microbial Ecology, 49, 474–485.
Vijayaraghavan, K. and Yeoung-Sang, Y., (2008), Bacterial biosorbents and biosorption,
Biotechnology Advances, 26, 266–291.
Vieira, R.H.S.F., and Volesky, B., (2000), Biosorption: a solution to pollution?, Internatl
Microbiol, 3:17–24.
Vymazal, J. (1995). Algae and Element Cycling in Wetlands. CRC Press, Inc., Florida.
Wang, J., and Chen, C., (2009), Research review paper: Biosorbents for heavy metals
removal and their future, Biotechnology Advances,27, 195–226.
Wang, W.X. and Dei, R.C.H., (1999), Kinetic measurements of metal accumulation in
two marine macroalgae, Marine Biology, 135, 11-23.
Wang, W. X., and Dei, R.C.H., (2001a), Biological uptake and assimilation of iron by
marine plankton: influences of macronutrients. Marine Chemistry, 74, 213-226.
Webster, E.A., Murphy, A.J., Chudek, J.A., Gadd, G.M, (1997), Metabolism-independent

147

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

binding of toxic metals by Ulva lactuca: cadmium binds to oxygen-containing
groups, as determined by NMR, BioMetals, 10, 105–117.
Wheeler, A.E., Zingaro, R.A., and Irgolic, K., (1982). The effect of selenate, selenite, and
sulphate on the growth of six unicellular marine algae. Journal of Experimental
Marine Biology and Ecology. 57, 181-194.
Wille, A.B., (2004), The use of radiotracers to examine the uptake of cadmium and
selenium by the marine macroalga Ulva. MEnvSc Thesis, School of Earth and
Environmental Sciences, University of Wollongong, 78p.
Wong, P.T.S., Mayfield, C.I. and Chau, Y.K. (1980). Cadmium Toxicity to Phytoplankton
and Micro-organisms. In: Cadmium in the Environment, Part 1: Ecological
Cycling (J.O. Nriagu, Ed). John Wiley and Sons, Inc., pp 571-587.
Wu, L., Thompson, D.K., Li, G., Hurt, R.A., Tiedje, J.M, and Zhou, J., (2001),
Development and Evaluation of Functional Gene Arrays for Detection of Selected
Genes in the Environment, Applied and Environmental Microbiology, 67, 5780–
5790.
Yao, Q-Z., and Zhang, J., (2005), The behavior of dissolved inorganic selenium in the
Bohai Sea Estuarine, Coastal and Shelf Science, 63, 333–347.
Yu, R.Q. and Wang, W.X., (2003), Biokinetics of cadmium, selenium and zinc in
freshwater alga Scenedemus obliquus under different phosphorus and nitrogen
conditions and metal transfer to Daphnia magna, Environmental Pollution, 129,
443-456.
Zamil, S.S., Ahmad, S., Choi, M.H., Park, J.Y., and Yoon, S.C., (2009), Correlating metal
ionic characteristics with biosorption capacity of Staphylococcus saprophyticus
BMSZ711 using QICAR model, Bioresource Technology,100, 1895–1902.
Zimmermann, H.F., and Raebiger, T., (2006), Evaluation of the applicability of

148

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

backscattered light measurements to the determination of microbial cell densities
in microtiter plates, Anal Bioanal Chem, 386:2245–2247.

Websites
http://www.mesa.edu.au/friends/seashores/energy_pyramid.html, (April 2006)
http://www.arcytech.org/java/population/facts_foodchain.html, (April, 2006)
Understanding the two-way ANOVA, (May, 2006)
http://www.chem.agilent.com/cag/bsp/products/gsgx/Downloads/pdf/two-way_anova.pdf
Two-Way Analysis of Variance (ANOVA), (May, 2006)
http://www.skidmore.edu/~hfoley/Handouts/Two-way.ANOVA.pdf

149

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

Curtis Gregory

APPENDIX 1: RAW DATA
Stage 1: Pilot Study Raw Data
Date

Day

Treatment

Wet

Bacteria

Cd-109

Se-75

Cd

Se

Wt.

10^

Peak

Peak

conc.

conc.

Area

Area

(µg/g)

(µg/g)

22-Feb

2

1

0.0328

7

191

197

0.0682

0.0162

22-Feb

2

2

0.0372

5

343

542

0.1027

0.0255

22-Feb

2

3

0.0373

4

485

452

0.142

0.0225

22-Feb

2

4

0.0433

4

468

567

0.1182

0.0226

22-Feb

2

5

0.0388

4

569

270

0.159

0.0159

22-Feb

2

24-Feb

4

1

0.0393

7

476

252

0.1324

0.0152

24-Feb

4

2

0.0325

4

596

651

0.1985

0.0332

24-Feb

4

3

0.0374

3

721

925

0.2072

0.0377

24-Feb

4

4

0.0698

0

1419

1172

0.215

0.0245

24-Feb

4

5

0.0474

5

1017

694

0.2285

0.0239

24-Feb

4

27-Feb

6

1

0.0443

6

893

132

0.2153

0.0102

27-Feb

6

2

0.0434

4

1070

2122

0.2622

0.0659

27-Feb

6

3

0.0659

4

2926

747

0.4656

0.0181

27-Feb

6

4

0.0453

4

2312

689

0.5364

0.0248

27-Feb

6

5

0.0552

4

1512

563

0.2894

0.0176

27-Feb

6

Control

5

Control

Control

0

6
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Stage 2: Bacterial Enumeration Raw Data
Date
3-March

Time

Treatment
10:00 AM

Optical Density

SS1 UD

Bacteria 10^
4

SS1 -1
SS2 UD

5

SS2 -1
12:00 PM

SS1 UD

5

SS1 -1
SS2 UD

5

SS2 -1
2:00 PM

SS1 UD

5

SS1 -1
SS2 UD

5

SS2 -1
4:00 PM

SS1 UD

5

SS1 -1
SS2 UD

5

SS2 -1

6-March

10:00 AM

12:00 PM

2:00 PM

SS1 UD

0.905

SS1 -1

0.083

SS2 UD

0.606

SS2 -1

0.065

SS3 UD

0.375

SS3 -1

0.043

SS1 UD

0.903

SS1 -1

0.086

SS2 UD

0.641

SS2 -1

0.061

SS3 UD

0.381

SS3 -1

0.033

SS1 UD

0.887

SS1 -1

0.092

7

5

6

7

5

5

7

151

Possible Influence of Microorganisms on Trace Metal Uptake by Ulva

4:00 PM

Curtis Gregory

SS2 UD

0.637

5

SS2 -1

0.061

SS3 UD

0.382

SS3 -1

0.029

SS1 UD

0.88

7

0.699

6

0.378

6

SS1

0.687

7

SS2

0.747

7

SS3

0.269

SS4

1.339

8

SS5

1.15

8

SS1

0.704

SS2

0.78

SS3

0.255

SS4

1.383

9

SS5

1.212

8

SS1

0.727

SS2

0.849

SS3

0.265

SS4

1.47

8

SS5

1.284

9

SS1

0.681

SS2

0.904

SS3

0.248

SS4

1.478

9

SS5

1.289

9

SS2

0.708

7

SS4

1.122

8

SS5

1.287

8

6

SS1 -1
SS2 UD
SS2 -1
SS3 UD
SS3 -1

8-March

10:00 AM

12:00 PM

2:00 PM

4:00 PM

10-March

10:00 AM

7

7

8
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13-March

15-March

17-March

20-March

22-March

1:00 PM

11:00 AM

11:00 AM

11:00 AM

11:00 AM

Curtis Gregory

SS2

0.712

SS4

1.101

SS5

1.282

8

SS5

0.658

8

SS6

0.325

7

SS7

0.917

8

SS8

0.956

SS9

1.287

SS10

1.017

SS8

0.925

SS9

0.605

SS10

1.209

SS11

0.805

SS8

0.898

SS11

0.658

SS12

0.758

SS13

0.476

SS14

0.612

SS8

0.867

SS11

0.542

SS12

0.824

SS13

0.403

SS14

0.608

8

0

7

6
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Stage 3: Experiment 1 Raw Data
Date

Treatment

Treat.

Disc

Bact.

Cd-

Se-

Cd

Se

Cd

Se

C (Control)

Bact.

Wet Wt

Conc.

109

75

conc.

conc.

Conc.

Conc.

L (Low)

Conc.

(mg)

in Sol.

Peak

Peak

(µg/g)

(µg/g)

in Sol.

in Sol.

M(Medium)

(cfu/

10^

Area

Area

(µg/mL)

(µg/mL)

H (High)

100mL)

13-Mar

C1

0

0.032

5

7

132

0.0102

0.0141

138

1453

13-Mar

C2

0

0.0333

5

557

456

0.1815

0.0253

178

1444

13-Mar

C3

0

0.045

5

1410

1103

0.3315

0.0361

31

1297

13-Mar

L1

10

4

0.0443

5

1921

2120

0.4567

0.0645

18

1082

13-Mar

L2

104

0.0356

5

2063

1364

0.6096

0.0546

16

1185

L3

10

4

0.0317

5

1686

986

0.5611

0.0468

53

1145

10

7

0.0415

5

2040

1495

0.5173

0.0506

33

1101

10

7

0.0444

5

1806

2428

0.4287

0.0727

14

1416

10

7

0.0341

5

1845

485

0.5701

0.0258

8

1185

10

10

0.0247

6

1579

980

0.675

0.0598

39

1380

10

0.0334

6

1666

1513

0.5263

0.0636

42

1271

13-Mar
13-Mar
13-Mar
13-Mar
13-Mar

M1
M2
M3
H1

13-Mar

H2

10

13-Mar

H3

1010

0.0424

6

2411

1439

0.597

0.048

36

1315

15-Mar

C1

0

0.0397

5

1453

645

0.387

0.027

158

1620

15-Mar

C2

0

0.0224

5

797

507

0.3813

0.0404

175

1512

15-Mar

C3

0

0.0382

5

3777

450

1.0349

0.0219

106

1568

L1

10

4

0.0228

5

1521

1689

0.7048

0.1024

72

1291

10

4

0.0406

5

3083

1278

0.7959

0.0453

188

1478

10

4

0.0409

5

4455

803

1.139

0.0309

-2

6

10

7

0.0328

5

3074

1276

0.9824

0.056

129

1479

7

0.0484

5

4317

1313

0.9328

0.0389

127

1403

15-Mar
15-Mar
15-Mar
15-Mar

L2
L3
M1

15-Mar

M2

10

15-Mar

M3

107

0.0504

5

4652

3394

0.9649

0.873

135

1315

H1

10

10

0.0557

6

4809

1939

0.9024

0.0474

39

1425

10

10

0.0664

6

4021

3417

0.6336

0.0667

68

1403

10

10

0.046

6

3594

1718

0.818

0.0515

47

1399

15-Mar
15-Mar

H2

15-Mar

H3

17-Mar

C1

0

0.039

6

1657

330

0.4483

0.0177

210

1592

17-Mar

C2

0

0.0376

4

1975

226

0.553

0.015

210

1623

17-Mar

C3

0

0.0261

5

4251

614

1.7035

0.0397

303

1703

17-Mar

L1

104

0.0232

5

4078

742

1.8389

0.0513

277

1534

L2

4

0.0587

5

4897

1094

0.8719

0.0275

192

1524

17-Mar

10
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104

0.0374

5

2805

993

0.7867

0.0399

229

1640

7

0.0342

4

3681

366

1.1267

0.0215

215

1334

17-Mar

M1

10

17-Mar

M2

107

0.0315

4

3895

638

1.294

0.0338

174

1549

M3

7

0.0314

0

3025

1590

1.0099

0.0706

239

1673

10

10

0.0403

0

5177

1421

1.3423

0.0499

197

1604

10

10

0.0379

0

5873

1082

1.6182

0.0422

128

1542

10

10

0.0457

0

5719

1772

1.307

0.0533

157

1545

17-Mar
17-Mar
17-Mar
17-Mar

H1
H2
H3

10

Stage 3: Experiment 2 Raw Data
Date

Treatment

Treat.

Disc

Bact.

Cd-

Se-

Cd

Se

Cd

Se

C (Control)

Bact.

Wet Wt

Conc.

109

75

conc.

conc.

Conc.

Conc.

L (Low)

Conc.

(mg)

in Sol.

Peak

Peak

(µg/g)

(µg/g)

in Sol.

in Sol.

M(Medium)

(cfu/

10^

Area

Area

(µg/mL)

(µg/mL)

H (High)

100mL)

20-Mar

C1

0

0.062

6

856

231

0.1477

0.0092

142

1507

20-Mar

C2

0

0.0455

6

109

1247

0.0305

0.0396

0

0

20-Mar

C3

0

0.0375

6

274

881

0.0827

0.0362

226

1432

L1

10

4

0.0418

6

1829

84

0.4612

0.0094

31

1568

10

4

0.0544

6

2061

150

0.3986

0.0087

10

1662

10

4

0.0427

6

1111

297

0.2765

0.0153

47

1596

7

0.0535

6

710

2147

0.1427

0.054

78

1232

20-Mar
20-Mar
20-Mar

L2
L3

20-Mar

M1

10

20-Mar

M2

107

0.0428

6

1512

234

0.3733

0.0134

115

1236

M3

7

0.0476

6

1925

51

0.4259

0.0074

35

1493

10

10

0.0469

7
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